Binary and millisecond radio pulsars by Bell, Johnathon Falder
Binary and Millisecond 
Radio Pulsars 
Jonathon Falder Bell 
A thesis submitted for the degree of Doctor of Philosophy 
of The Australian National University 
Mount Stromlo and Siding Spring Observatories 
August 1995 

To Ros 
Disclaimer 
I hereby declare that the work in this thesis is that of the candidate alone, except 
where indicated below. The coauthors of resulting papers contributed to the text 
of those papers. 
Chapters 3 and 6: M. Bailes, R. N. Manchester , A. G. Lyne and B. W. Stappers 
contributed to the observing, data processing and development of timing software. 
J . M. Weisberg contributed to the observing and was responsible for investigations 
of the source of larger than expected timing residuals of PSR J0437-4715. 
Chapter 4: The Palomar images were obtained and processed by S. R. Kulkarni 
and E . M. Leitch. A. Lyne provided the accurate radio positions. 
Chapter 5: B. W. Stappers, M. S. Bessell and V. M. Kaspi contributed to the 
observing and data processing and V. M. Kaspi did the x2 test. 
Chapter 7: The implications of the new distance method for experimental tests 
of general relativity were realised and investigated by M. Bailes . 
Appendix A: Approximately 50% of the psrclock graphical interface for TEMPO 
was written by M. Bailes. 
Jonathon Falder Bell 
August 1995 
V 
VI 
Acknowledgments 
It is with much pleasure that I acknowledge many people. I am very grateful to 
Matthew Bailes, Dick Manchester and Mike Bessell for their supervision, insight , 
enthusiasm, guidance, encouragement, support and friendship. 
I offer sincere thanks to Ros , the light of my life, for her love, kindness , 
companionship, and careful proof reading of this thesis. 
There are many people with whom I have collaborated, enjoyed working with 
and learnt many things from: Andrew Lyne, Shri Kulkarni , Vicky Kaspi , Simon 
Johnston, Joel Weisberg, Ben Stappers, Martin van Kerkwijk , Roger Romanj , Jim 
Cordes, Andy Fruchter, Erik Leitch, Duncan Lorimer, Luciano Nicastro and Fer-
nando Camilo. There are many people whom I have had very frmtful discussions 
from which I have benefited immensely: Dayal Wickramasinghe, Ken Freeman, 
Alex Rodgers , Thibault Damour, Prasenjit Saha, Mike Dopita, Hans Schmidt , Tim 
Hankins , Ron Ekers , John Norris , Peter te Lintel Hekkert , Claude Carignan and 
Peter Wood. I gratefully acknowledge many useful suggestions and comments made 
by various referees. 
Many thanks are due to the people who keep telescopes going at Parkes, 
Siding Spring and Mount Stromlo. Thanks also to those who kept me well fed 
while observing and organised travel to and from observing. My fellow students at 
MSSSO have contributed a great deal of friendship , companionship and enjoyable 
social events , with the highlight being two rare victories over the staff in the annual 
staff versus student cricket match. My thanks to you all. 
I am indebted to Mount Stromlo and Siding Spring Observatories and the 
Australia Telescope National Facility for giving me the opportunity to conduct this 
research and for the use of their excellent facilities. Finally, I wish to acknowl-
edge funding from the Australian Government through an Australian Postgraduate 
Research A ward. 
Vll 
Vlll 
Abstract 
Deep optical searches for the companions to several of the binary millisecond pulsars 
found in the Parkes survey were conducted. The companions to PSRs J0437-
4715 and J2145- 0750 were found. Both companions are cool white dwarfs with 
effective temperatures of 4000 ± 350 K and 3850 ± 350 K respectively. This is 
evidence that the remnant companions to millisecond pulsars are white dwarfs as 
predicted by evolutionary models. Using white dwarf cooling models, the ages of 
both companions are shown to be several Gyrs . This is the first direct evidence that 
millisecond pulsars are so old and therefore that their magnetic fields do not decay 
on time scales shorter than 1 Gyr. These companions are amongst the coldest and 
oldest white dwarfs known. 
A deep limit on the companion to PSR J0034-0534 was used to show that the 
initial period of the pulsar was less than 1.6 ms and possibly as low as 0.6 ms. If 
matter had been accreted at the Eddington rate during spin up , the initial period 
would have been close to the minimum period of 0.6-1.6 ms. The range of minimum 
initial periods results from the many equations of state for neutron stars. The limit 
on the initial period of PSR J0034-0534 therefore challenges some of the harder 
equations of state. 
Timing data collected for PSR J0437-4715 show that the proper motion of 
the pulsar is 135 ± 4 mas yr- 1 at a position angle of 122° ± 2°. This agrees well 
with the proper motion of the optical companion , putting the association beyond 
doubt . An H0 pulsar wind nebula was discovered around PSR J0437-4715. The 
dimensions and orientation of the nebula bow shock agree well with the direction 
and magnitude of the pulsar 's proper motion. 
The first observations of the radial velocity variations resulting from the binary 
motion of a companion to a radio pulsar are presented . These results demonstrate 
that the companion to the Small Magellanic Cloud pulsar J0045-7319 is a Bl V star. 
The mass of the companion was found to be 8.8 ± 1.8 M8 , consistent with the mass 
expected for a Bl V star. The projected rotational velocity of the companion is 113 
± 10 km s-1 while the heliocentric radial velocity of the binary system is consistent 
with that of other stars and gas in the same region of the Small Magellanic Cloud. 
The proper motions for 4 millisecond pulsars and upper limits on the proper 
motions of 5 others are presented, along with period derivatives accurate to 2- 3 sig-
nificant figures for them. The observed velocities and distances from the Galactic 
plane of millisecond pulsars appear to be lower than those of low-mass X-ray bina-
ries. As a result of a strong selection effect against finding high velocity millisecond 
pulsars, it is unclear as to whether this is indicative of formation via accretion in-
duced collapse or recycling in low mass X-ray binaries. Several of the millisecond 
pulsars have characteristic ages greater than the age of the Galactic disk, indicating 
that their rotation periods at birth were close to their present periods. The exis-
tence of planetary mass companions similar to Earth, Venus and the two largest 
companions to PSR B1257+12, are ruled out for these 10 millisecond pulsars. 
A new method is proposed for obtaining very accurate distance estimates and 
transverse velocities for some nearby binary pulsars. It is based on the contribution 
to orbital period derivatives from a time varying Doppler effect . In many cases this 
method will estimate distance more accurately than is possible by measuring annual 
parallax, as the relative error in the estimate decreases as t- 5/ 2 • Unfortunately, the 
uncertainty in the distance limits the usefulness of nearby relativistic binary pulsars 
for testing the general theory of relativity. 
Some theories of gravity predict violations of local Lorentz invariance and 
violations of conservation of energy and momentum. General relativity predicts no 
violations. In the parameterised post-Newtonian (PPN) formalism , the parameters, 
a1 = a2 = a3 = 0 if these effects do not exist. The period derivatives of millisecond 
pulsars were used to more tightly constrain the extent of any violations by showing 
that Ja3 J < 5 x 10-16 . The limit on Ja1 J was improved to Ja1 J < 1.5 x 10-4 using 
the very low eccentricity binary pulsar J2317 + 1439. 
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Chapter 1 
Introduction 
1.1 A Brief History of Radio Pulsars 
Shortly after the discovery of neutrons , it was proposed that dense, compact stars 
composed primarily of neutrons may exist (Baade & Zwicky 1934). These neutron 
stars were expected to have radii of only ,.._, 10 km. It was this extremely small size 
that implied very small fluxes of electromagnetic radiation and the apparent im-
possibility of detection. The field lay relatively dormant until 1967, when Jocelyn 
Bell and Antony Hewish serendipitously discovered radio pulsars while studying 
interstellar scintillation (Hewish et al. 1968). They initially detected regularly 
repeating narrow pulses of radio waves. After confirmation that the source was 
extraterrestrial , the h pothesis that the signals were from "little-green-men" arose, 
but was ruled out after the discovery of several pulsars. Many potential astrophysi-
cal sources were proposed, including rotating or pulsating white dwarfs. The nature 
of the source powering the Crab Nebula had been sought for many years. The dis-
covery of a pulsar at the centre of the Nebula uncovered the source and provided 
a vital clue for unlocking the nature of the newly discovered pulsars (Staelin & 
Reifenstein 1968). The very high rotation frequency of the Crab pulsar (29.9 Hz) 
could only be explained by the rotation of a neutron star (Gold 1969). 
Following their initial discovery, tens of pulsars were discovered in various 
surveys. The population was found to be associated with the Galactic disk, and 
the association of some young pulsars with supernova remnants pointed to their 
likely formation mechanism. In 1974 the first binary pulsar Bl913+ 16 was found 
(Hulse & Taylor 1975) . This turned out to be an extraordinary system, containing 
two neutron stars in a relativistic orbit, one of which is observed as a pulsar. This 
sparked a flurry of activity and publications, mainly on the use of the binary pulsar 
as a natural laboratory for testing theories of gravity. 
Over 200 pulsars were discovered in some very successful surveys in the follow-
ing years (eg Manchester et al. 1978). Until 1981 , nearly all surveys had sampled 
the data at 20-100 ms or slower. A new field of pulsar research began when Backer 
et al. (1982) sampled the data more frequently and discovered the first millisecond 
1 
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pulsar B1937+21. This pulsar rotates 641.9282626022265 times per second and its 
discovery created much interest in its formation , in the equations of state of neutron 
stars a~d in surveys to find more millisecond pulsars (MSPs). Unfortunately, dis-
coveries of significant numbers of such objects were not forthcoming until globular 
clusters were searched towards the end of the 1980's (Lyne et al. 1987). Searches 
of the globular clusters M15 and 47 Tucanae were very successful, finding 8 and 11 
MSPs respectively (Anderson et al. 1990; Manchester et al. 1991). In 1987 the 
spectacular formation of a neutron star was witnessed when neutrinos from super-
nova 1987 A were detected (Bionta et al. 1987; Hirata et al. 1987) . A number of 
surveys in the first half of the 1990s have greatly expanded the population of MSPs. 
In particular the Parkes survey discovered 17 new MSPs, more than doubling the 
number known in the field of the Galaxy (Manchester et al. 1995; Lyne et al. 
1995). A large part of this thesis is based on timing these pulsars and searches for 
their optical companions. 
1.2 Radio Pulsars 
Neutron stars are thought to be created in the supernova explosions that end the 
lives of stars whose masses are greater than 8 M0 (Bhattacharya & van den Heuvel 
1991). The tremendous angular momentum of pulsars is consistent with conserva-
tion of angular momentum during the collapse of the progenitor star's core. Simi-
larly, the very strong magnetic fields are consistent with conservation of magnetic 
flux per unit area during the collapse. Whether or not every neutron star is active 
as a pulsar at some point during its life is an open question. 
The basic working model of a radio pulsar consists of a neutron star with a 
rotation frequency of 0.1 - 1000 Hz. The magnetic field is generally dipolar, with 
the dipole axis substantially inclined to the spin axis as shown in Figure 1.1. The 
whole magnetic field cannot corotate with the neutron star since at some radius it 
would have to rotate at the speed of light. This radius defines the light cylinder. 
Such a situation leads to two groups of field lines, those that do not extend to 
the light cylinder are the closed field lines; the other group emanating from the 
magnetic poles reach the light cylinder and are open. In such intense magnetic 
fields , electron-positron pairs which are formed at the poles of the magnetosphere 
are compelled to travel along magnetic field lines. Those travelling along open field 
lines are able to leave the magnetosphere. Since the field lines are curved, these 
charged particles emit electromagnetic radiation. This radiation is observed as 
pulses of radio emission, once each rotation period, if the beam sweeps past Earth. 
The observed fluxes imply large energy densities at the emission regions that can 
only be produced by coherent emission. 
A rapidly rotating neutron star with a strong magnetic field loses kinetic en-
ergy via magnetic braking, which results from the emission of radiation. Hence, the 
rotation frequency v of a radio pulsar decreases with time. For a dipolar magnetic 
' 
I 
I 
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Figure 1.1: The basic working model of a radio pulsar , from Lyne and Graham-Smith (1990) . 
field , t he braking torque and therefore the derivative of the rotation frequency v are 
proportional to v3 • In general , there are contributions from other braking torques 
and therefore v oc vn, where n is the braking index. The period P = 21r / v and 
period derivative P corresponding to v and v are plotted for 588 pulsars in Figure 
1.2. This shows the "island" where most pulsars reside, which is analagous to the 
main sequence in a Hertzsprung-Russell diagram. 
Assuming n = 3, the surface magnetic field strength in Gauss is 
B2= ( 3Jc3 )PP (1.1 ) 
81r2 R6 
where c is the speed of light and I and R are the moment of inertia and radius of 
the neutron star respectively. Hence, we see that a typical pulsar in Figure 1.2 has 
B ,.._, 1012 Gauss while there is a wide range of field strengths , down to B ""' 108 
Gauss. The rotational age of a pulsar, Tp is 
r - 1- -p ( (p0)n-l) 
p - (n - 1)P P (1.2) 
where Po is the rotation period at birth. The characteristic ager = P /2F ( assuming 
n = 3 and Po ~ P) is often used , and may be considered to be an upper limit 
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Figure 1.2: P-P diagram for radio pulsars. Circles indicate pulsars in circular orbits , ellipses 
indicate pulsars in eccentric orbits and stars indicate pulsars associated with supernova remnants . 
to the true age. Lines of constant T in Figure 1.2 indicate that most pulsars are a 
few x 106 years old. Some have ages as low as 1000 years while others are approaching 
1010 years. 
Like the Hertzsprung-Russell diagram for stars, the P-P diagram for radio 
pulsars (Figure 1.2) is a convenient representation for understanding their evolution. 
Young pulsars at the top of Figure 1.2 have strong magnetic fields and short periods 
and are often associated with supernova remnants. With time, they spin more slowly 
and move to the pulsar island . As they reach the end of their normal life they cross 
the e+ e- death line, beyond which radio emission is no longer produced. Many of 
the binary and millisecond pulsars do not fit this simple picture and are discussed 
in Section 1.3. 
The propagation time of a pulse through the interstellar medium (ISM) 1s 
frequency dependent. For a pulse at two different frequencies Ji and h the delay is 
(1.3) 
1 
1 
n 
l'I 
1.3 Binary and Millisecond Pulsars 5 
where ne is the free electron density, dis the distance to the pulsar and m and e are 
the mass and charge of an electron respectively (Manchester & Taylor 1977). The 
column density of free electrons along the line of sight to the pulsar is J; n edl and is 
often called the dispersion measure (DM). Hence, assuming the ISM is relatively ho-
mogeneous, the greater the distance to a pulsar, the greater the dispersion. Having 
calibrated this effect by obtaining some distances in other ways and accounting for 
known inhomogeneities in the ISM, a measure of the dispersion provides a distance 
estimate, accurate to ±30 % (Lyne, Manchester & Taylor 1985; Taylor & Cordes 
1993). 
1.3 Binary and Millisecond Pulsars 
Binary pulsars provide an unparalleled opportunity to map binary orbits to high 
precision. From the pulsar alone, it is possible to determine the orbital period, the 
semi-major axis of the pulsar 's orbit , the orbital eccentricity and the longitude and 
epoch of periastron. For a complete solution of the binary system, determinations of 
the orbital inclination and the masses of the pulsar and its companion .are required. 
In principle, these may be obtained from observations of the companion. However, 
if the orbit is sufficiently relativistic , these terms may be obtained through mea-
surement of the Shapiro delay, the Einstein delay and the precession of periastron 
(Taylor & Weisberg 1989). 
For a binary orbit , the mass function is defined to be 
f = ( me sin i)3 = 41r2( ap sin i)3 
(m p + m e)2 GPl (1.4) 
where i is the inclination angle of tm.e orbit , ap is the semi-major axis of the pulsar's 
orbit , A is the orbital period, G is the gravitational constant and mp and m e are 
the masses of the pulsar and its companion. In most cases the masses on the left 
side of the equation are difficult to determine. However the parameters on the right 
side of the equation can be determined with high precision from pulsar timing. The 
mass function may then be used to place constraints on the masses of the pulsar and 
its companion. Unfortunately these constraints are weak unless one of the masses 
can be determined. Every measurement of the mass of a neutron star to date is 
consistent with a mass of"' 1.4 M0 (Thorsett et al. 1993). Assuming that mp = 1.4 
M0 , a lower limit can be obtained for the companions mass by setting i = 90° and 
solving for me. This provides a vital clue to the nature of the companions. 
The known binary pulsars have a wide range of companions including neutron 
stars, a B star, a Be star, white dwarfs (me "' 0.6M0 ), low mass helium white 
dwarfs (me "' 0.2M0 ), very low mass red dwarfs (me "' 0.02M0 ) and planetary 
mass objects (me < 0.005M0 ) . Although black holes are plausible companions, 
none have been found to date. Since this thesis considers a pulsar with a B star 
companion, and MSPs that are single or have low mass white dwarf companions , the 
- -
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discussion below will focus on these systems. Figure 1.3 shows the P-A diagram for 
binary pulsars. An interesting feature of this figure is the lack of binary pulsars with 
2 < A < 200 days and 0.03 < P < 0.5 s, since there are no obvious observational 
selection effects against finding such systems. There is some evidence for a gap in 
the orbital period distribution of binary MSPs, the origin of which is not understood 
(Camilo 1995a). For the MSPs below the period gap, there is some evidence for 
a weak P-A correlation (Bailes et al. 1994). This correlation is expected since 
the duration of the accretion phase is inversely related to both Po and A (Savonije 
1983a). 
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Figure 1.3: P-Pb diagram for binary pulsars. Filled symbols indicate that the system is in a 
globular cluster and ellipses indicate eccentric orbits. 
The formation of binary pulsars such as PSR J0045- 7319, which has a B star 
companion, is relatively well understood (Bhattacharya & van den Heuvel 1991 ). 
As depicted in Figure 1.4, in a binary system containing two main-sequence stars, 
the more massive star evolves first, while the companion possibly accretes some of 
its matter. If the supernova explosion which forms the pulsar is symmetric, the 
system may remain bound if less than half of the total mass in the system is lost. 
If the supernova is asymmetric the system may remain bound if the kick received 
by the pulsar is in a favourable direction (Phinney & Kulkarni 1994). At this point 
(see Figure 1.4d) systems such as PSRs J0045-7319 or Bl259-63 remain. One 
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Figure 1.4: The formation of pulsars via high mass X-ray binaries , from van den Heuvel (1983) . 
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must ask why such systems are so rare, as there only 2 known in ,...., 700 pulsars. 
Potential reasons include disruption during the supernova or absorption, scattering 
and dispersion of the pulses in the stellar wind of the companion. 
Millisecond pulsars are those pulsars found in the bottom left corner of the 
P-P diagram (Figure 1.2). As their name suggests they have rotation periods of 
a few milliseconds. They typically have small period derivatives (F ,...., 10-20 ) and 
relatively weak magnetic fields (B "' 3 x 108 Gauss). The formation of MSPs 
(binary or single) is less clear. Their position in the P-P diagram (Figure 1.2) and 
the high incidence of binaries ("' 2/3 for MSPs, compared to only a few in ,...., 650 
normal pulsars) are important clues to their formation . The three models for their 
formation discussed below stem from this. 
The recycled model for fast pulsar formation was first proposed by Bisnovatyi-
Kogan and Kornberg (1974) to explain the existence of the first binary pulsar 
B1913+16. As depicted in Figure 1.5, in a binary system containing a neutron 
star and a companion star, eventually the companion evolves. It either overflows 
its Roche lobe or undergoes considerable mass loss, making available matter which 
the neutron star may accrete. During the accretion the neutron star gains angular 
momentum and may be spun up to periods approaching 1 ms. In this phase the 
system may be visible as an X-ray binary. Eventually the companion completes its 
evolution and its 0.2 M0 helium core remains. Since the MSPs have much lower 
magnetic fields than normal pulsars , their magnetic fields are presumed to have de-
cayed either before or during the accretion. In the case of dual neutron star systems 
such as PSR B1913+16, a second neutron star is formed when the companion ends 
its life in a supernova as shown in Figure l.4d-h. 
An alternative formation model has been proposed that involves the accretion 
induced collapse of a white dwarf (Helfand, Ruderman & Shaham 1983). In a binary 
system, a white dwarf may accrete matter from an evolving companion star. If the 
extra mass is not lost through novae, the mass of the white dwarf may exceed the 
Chandrasakar limit of 1.4 M0 and collapse to a neutron star. If the neutron star 
has not already obtained a millisecond period, continued mass accretion may spin 
it up further. Again, the core of the companion remains as a ,...., 0.2 M0 helium 
white dwarf. 
While the first pulsar discovered with a millisecond period, PSR B1937+21, 
provided further evidence for evolution by accretion (Backer et al. 1982), its lack of 
a binary companion did not fit well into the two models above. Now, approximately 
1/3 of milliseconds pulsars appear to be single. The discovery of a millisecond pulsar 
apparently ablating its companion provided the impetus for an extension to the 
above models that explained the existence of single millisecond pulsars (Fruchter, 
Stinebring & Taylor 1988). Somewhat earlier, a third formation model in which 
MSPs are "born in original spin" was proposed (Brecher & Chanmugam 1983; Hut 
& Verbunt 1983). This model involves the direct collapse of stars at the top of the 
main sequence to form single MSPs. 
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There are two distinct populations of MSPs, those in globular clusters, and 
those in the field of the Galaxy. While those in globular clusters were the first to 
be discovered in significant numbers, they are not as useful as those in the field 
of the Galaxy for precision timing and tests of theories of gravity because of their 
faintness and uncertain accelerations in cluster potentials (Blandford, Romani & 
Applegate 1987). From here on discussion refers to Galactic MSPs unless otherwise 
specified. 
1.4 The Parkes Millisecond Pulsar Survey 
The number of MSPs known outside globular clusters prior to 1990 was only 4. 
This was not a sufficiently large population for studies attempting to uncover the 
birthrates, formation models, kinematics, ages and initial spin periods. Nor was 
it sufficient for a some tests of relativistic theories of gravity or use as an array 
of fundamental time standards. While numerous (,...., 25) MSPs were discovered 
in globular clusters (Lyne et al. 1987; Anderson et al. 1989; Anderson et al. 
1990; Manchester et al. 1991), they did not really help to address the above 
goals because of their faintness and therefore poor timing results, uncertainties as 
,, 
. -
. 
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a result of accelerations in the cluster potentials and a very clumpy distribution on 
the celestial sphere. A population in the Galactic field was required. There was a 
lack of surveys that sampled sufficiently fast to find MSPs. While a couple of high 
frequency surveys (Clifton et al. 1992; Johnston et al. 1992a) along the Galactic 
plane failed to find any MSPs, some very deep searches at Arecibo were successful 
(Foster, Wolszczan & Camilo 1993; Nice, Taylor & Fruchter 1993; Segelstein et 
al. 1986; Fruchter 1989; Fruchter, Stinebring & Taylor 1988; Foster, Wolszczan & 
Cadwell 1995; Nice, Fruchter & Taylor 1995). The detection of two MSPs away 
from the Galactic plane (Wolszczan 1991; Wolszczan & Frail 1992) and predictions 
from simulations of the kinematics of progenitor populations (Johnston & Bailes 
1991), suggested that only nearby objects could be detected and that their observed 
distribution would be nearly isotropic. 
These ideas pointed to the need for a survey that covered large areas and 
sampled rapidly. The Parkes survey has filled this need (Manchester et al. 1995; 
Lyne et al. 1995). The survey at 436 MHz, observed 44299 positions for 157.3 s 
each, covering the entire southern hemisphere. Dual linear polarisation outputs 
from a 256 channel filter bank covering 32 MHz were added, one-bit digitised and 
sampled at 0.3 ms. The survey sensitivity was "' 3 mJy for pulse periods longer 
than 10 ms and positions away from the Galactic plane. The data were processed 
off-line, and were searched in period and dispersion. 
The discovery of 17 new MSPs by the Parkes survey confirmed the above 
expectations. It more than doubled the number of MSPs known outside globular 
clusters and begins to make possible many of the populations studies and tests 
proposed. Many of these goals require long term precise timing and studies at 
other wavelengths. A timing program was started in mid 1991 and this thesis 
presents some of the results to date. 
1.5 Millisecond Pulsar Timing 
For MSPs, interstellar dispersive delays can amount to many pulse periods across 
a typical observing bandwidth. Hence, filterbanks are used to divide the observing 
bandwidth into many channels , with the channels being sufficiently narrow to make 
the dispersion across each channel substantially less than one pulse period. The 
channel to channel dispersion is then later removed by applying different delays to 
each channel. Since most pulsars are too faint for individual pulses to be detected, 
they are typically observed for several minutes. To obtain a single pulse profile, the 
data must then be either searched for the period, or folded at a predicted period. 
The time-of-arrival (TOA) of a fiducial point in the rotational phase of a 
pulsar is then determined. To do this the time must be known very accurately and 
is usually obtained from a local hydrogen maser referenced to the standard bank of 
cesium clocks. The rotational phase ¢,(0) must also be accurately determined. This 
is normally done by comparison with a standard pulse profile s(t). The observed 
I 
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pulse profile p( t) can be expressed in terms of the standard profile by 
p(t) =a+ bs(t - </>) + g(t) 
11 
(1.5) 
where a is a DC offset, b is a scale factor, </> is a phase shift and g(t) represents 
noise. For the comparison, the best use of available signal to noise is made by cross 
correlating the observed and standard profiles in the Fourier domain (Taylor 1992). 
Having determined the topocentric TOA t , an accurate transformation to the 
rest frame of the pulsar must be applied. For most single pulsars , a transformation 
to the barycentre of the solar system is sufficient (Backer & Hellings 1986; Taylor 
& Weisberg 1989). The barycentric time of arrival is 
r · n (r · n)2 - lrl 2 D 
tb = t + -c- + 2cd - j2 + /j.E0 + /j.S0 (1.6) 
where r is a vector from the barycentre to the phase centre of the telescope, ft is a 
unit vector pointing from the barycentre to the pulsar, c is the speed of light , d is 
the distance to the pulsar , D is the interstellar dispersion constant, f is the radio 
frequency, /j.E0 is the Einstein delay comprised of the gravitational red shift and 
time dilation and /j.s0 is the Shapiro delay characterising the curvature of space 
time near the sun. Terms 2 and 3 together make up the Roemer delay /j.n0 . The 
first part of the 3rd term measures the curvature of the wavefronts emitted from 
the pulsar and can be used to determine a timing parallax for nearby pulsars. The 
six astrometric pulsar parameters that can be measured via this transformation 
are: right ascension , declination, proper motion in right ascension and declination, 
parallax and dispersion measure. 
For binary pulsars , further terms are needed to account for binary motion and 
to obtain the time T in an inertial frame with respect to the pulsar's centre of mass . 
This transformation is given by 
(1.7) 
where /j.R , /j.E and fj. 5 are the Roemer, Einstein and Shapiro delays in the binary 
orbit and /j.A is the aberration delay as a result of the pulsar's rotation (Taylor 
& Weisberg 1989). The five Keplerian parameters necessary to describe the orbit 
and account for the Roemer delay are: orbital period , orbital eccentricity, longitude 
of periastron, epoch of periastron and the projected semi-major axis. A further 8 
post-Keplerian parameters could be measured and account for the final 3 terms in 
equation 1. 7. A detailed description of these is given by Damour and Taylor (1992). 
Having made the above transformations, the pulsar 's rotational parameters 
are now accessible by measuring the rotational phase </>(t) given by a Taylor expan-
SIOn 
( ) <I>( ) 1 . 2 1 .. 3 </> t = 0 + vt + 2vt + 6vt + ...... . (1.8) 
where v = 1/ P is the rotational frequency, and v, ii are the frequency derivatives 
corresponding to the period derivatives P, P. The rotational parameters include 
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a fiducial time defining the phase, the rotation period and possibly several period 
derivatives . The values these parameters take are those measured by an observer at 
infinite distance. To obtain the actual values one must correct for the gravitational 
redshift of the pulsar. This would typically reduce the value for the period by 
30%, however this may vary by a factor of 2 depending on the equation of state 
of the neutron star (Cook, Shapiro & Teukolsky 1994). Since the many theoretical 
equations of state for neutron stars are poorly constrained by observations, such 
corrections are not normally applied. 
Since a pulsar may be moving toward or away from the Earth, its measured 
period will include both the actual period and a contribution from the Doppler 
effect. While this effect cannot be separately measured , the difference between the 
measured period and actual period is only 0.1 % for a pulsar having a radial velocity 
of 300 km s-1 . The orbital periods of binary pulsars are similarly affected. Pulsars 
may also have accelerations towards or away from us and the measured period 
derivatives and orbital period derivatives contain a contribution from the Doppler 
effect. These are discussed in more detail in Section 7 .1. 
1.6 Optical Observations of Millisecond Pulsars 
The formation models discussed above for binary MSPs predict low mass helium 
white dwarfs for the companions. Prior to 1993 the only known companion to an 
MSP was the Bl957+20 companion which is not a white dwarf. Optical photometry 
and spectroscopy (where possible) would provide a good understanding of the nature 
of the companions and vital constraints on formation models. 
The cooling theory of white dwarfs has been studied in some detail and hence 
a number of models exist. The models generally quote bolometric luminosity or 
effective temperature as a function of age. For a given temperature, the ages vary 
by up to a factor of 2. Hence, if the temperature of a white dwarf companion 
to a pulsar can be measured, an independent estimate of the age of the pulsar is 
obtained (Kulkarni 1986) , assuming that the pulsar and white dwarf were formed 
at the same time. In the case of recycled pulsars , the assumption is valid, since 
the pulsar will turn on when mass transfer ceases and the white dwarf will begin 
cooling shortly thereafter. Observations of PSR B0655+64 provided strong evidence 
for the lack of magnetic field decay (Kulkarni 1986). For MSPs, a tight limit on the 
luminosity of the companion to PSR Bl855+09 also pointed to long-lived magnetic 
fields (Kulkarni , Djorgovski & Klemola 1991). However prior to 1993, unambiguous 
detections of white dwarf companions to MSPs were not forthcoming and therefore 
the decay of their magnetic fields was not ruled out , and the applicability of their 
characteristic ages was uncertain. 
If the age of a binary MSP could be obtained, it may provide a useful constraint 
on its initial pulse period. The cooling age Tcoot can be substituted for the rotational 
age Tp in equation 1.2. If P is known, then assuming n = 3, Po may be constrained. 
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For an MSP with an observed period close to 1 ms such a constraint on Po may 
provide a useful constraint on the equation of state of the neutron star (Kulkarni 
1993). 
The tying of the radio, optical and planetary reference frames is a difficult 
proposition. It requires large numbers of randomly distributed sources with accu-
rately determined positions and proper motions in all of the 3 reference frames . 
Pulsars provide a good link between the planetary and radio frames as accurate 
positions can be obtained in each frame. Millisecond pulsars are helpful as many 
of them will have proper motions that will be measurable in both frames given a 
sufficient time baseline. Pulsars with optically detectable companions are relatively 
rare and faint but nevertheless provide an important link to the optical frame. 
There are only three radio pulsars that are also observed as optical pulsars , 
B0531+21 , B0833-45 and B0540-69. MSPs are not expected to be observable as 
optical pulsars because of their substantially weaker magnetic fields and smaller spin 
down energies. The observational limits of R > 25 for PSR B1937+21 (Manchester, 
Peterson & Wallace 1984) and V > 22.9 for PSR J0437-4715 (Manchester, Bell & 
Peterson 1995) appear to bear this out. 
1. 7 Pulsars as Astrophysical Tools 
Pulsars are excellent tools for studying the interstellar medium (ISM) because they 
are pulsed point sources. The dispersion depends on the number of free electrons 
between the pulsar and the observer. Hence measurements of dispersion yield free 
electron column density estimates. Since the magnetic fields in the ISM lead to 
Faraday rotation, polarisation studies of linearly polarised pulsars can give esti-
mates of ISM magnetic field strengths. Multipath propagation through the lumpy 
ISM and refraction in clouds leads to the scattering of pulses from pulsars. Scat-
tering on smaller scales leads to more rapid variations in the observed flux , called 
scintillations. Careful studies of these effects yield a better understancling of the 
scales of the irregular structure of the ISM. 
Pulsars provide an excellent opportunity to study of the structure of neutron 
stars. The steady spin down of some pulsars is interrupted by occasional but sudden 
increases of rotation rate. Following this there is often an exponential recovery, back 
toward the previous spin down rate. These events are known as glitches and have 
provided strong evidence for neutron stars consisting of a solid but brittle crust and 
a fluid interior. This fluid interior is generally identified with a neutron superfluid. 
Glitches have been identified with adjustments in ellipticity of the neutron star as it 
spins down and changes in the coupling between the crust and fluid interior (Lyne 
& Graham-Smith 1990). 
The realisation that radio pulsars are superb natural laboratories for testing 
theories of gravity came with a flurry of publications after the discovery of PSR 
B1913+16 in 1974 (Hulse & Taylor 1974) . The velocity of the pulsar in its orbit I 
' 
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around the other neutron star is greater than 0.1 % of the speed of light. In such 
an orbit , relativistic effects are many times larger than in the solar system and 
are therefore substantially easier to measure. Measurement of several relativistic 
effects allowed a complete solution of the system's parameters and a self consistent 
confirmation of the rate of emission of gravitational waves as predicted by general 
relativity (Taylor & Weisberg 1989). Two more dual-neutron star, relativistic-
binary pulsars have been found and one of them, PSR B1534+ 12, is predicted to 
be an even better test bed for theories of gravity (Arzoumanian 1995). 
There are a number of other ways in which pulsars may be used to test theories 
of gravity. They can be used to test both conservation of energy and momentum in 
post-Newtonian theories of gravity and the existence of preferred frame effects. See 
Chapter 8 for more details. Pulsars have been used to set limits on the variations 
of the gravitational constant G. The best limit to date is from timing of PSR 
B1913+16 which gives G /G = 4±5 x 10-12 yr-1 (Taylor 1993) . Another novel use of 
pulsars as tools has been to place limits on the cosmic background of low frequency 
gravitational waves. The best limit is 0 9 h2 < 6 x 10-8 , from long term timing data 
on PSR B1855+09, where 0 9 is the fractional energy density in gravitational waves 
per logarithmic frequency interval and the Hubble constant Ho = lOOh km s-1 
(Kaspi , Taylor & Ryba 1994). 
Very precise long term timing of PSRs B1937+21 and B1855+09 have demon-
strated the long term clock like stability of MSPs (Kaspi, Taylor & Ryba 1994). 
Based on this stability, there have been suggestions that MSPs could be used as a 
new standard of time. Unfortunately, a standard of time based on pulsars would 
have no link to a reproduceable physical phenomenon , whereas the atomic clocks 
do. Nevertheless, pulsars such as PSRs B1855+09 and B1937+21 appear to be 
more stable on time scales of months to years than atomic clocks. Hence, with 
enough MSPs well distributed over the celestial sphere, it might be possible to use 
an ensemble averaged pulsar time scale as a long term time standard. 
1.8 Current Issues 
There are a number of outstanding issues regarding the nature and formation of 
MSPs. These are summarised in the following paragraphs and some of them are 
addressed in more detail in the rest of this thesis. 
• The origin of the weaker ("' 108 Gauss) magnetic fields of MSPs is not clear. 
Either the fields decay during accretion , or MSPs are born with weak fields. 
There are also suggestions of other intermediate populations with magnetic 
fields of 109 - 1010 Gauss (Kulkarni 1993). 
• Since the initial rotation periods, P0 , of MSPs are not known, the assumption 
that Po~ P may not be valid. Hence the characteristic ages (T = P/2F) of 
MSPs, which are typically a few Gyrs , may be gross overestimates of the true 
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ages. Independent age estimates (Section 1.6) provide some hope of resolving 
this problem. 
• The mean transverse velocity of normal pulsars of 300 km s-1 (Lyne & Lorimer 
1994) is substantially larger than that of MSPs (100 km s-1 ). The large 
velocities of normal pulsars have been taken as firm evidence for velocity kicks 
from asymmetric supernovae. It is not clear whether or not this discrepancy 
is accounted for by the selection effect which makes MSPs more distant from 
the Galactic plane harder to detect. 
• The distances to MSPs are typically uncertain at the 30% level (Taylor & 
Cordes 1993). This uncertainty is carried over to the uncertainty in the 
proper motion contribution to both rotational and orbital period derivatives 
(see Chapter 7). Hence, the period derivatives for many MSPs are uncertain . 
Period derivatives are a fundamental parameter for MSPs and have implica-
tions for ages , magnetic field strengths and evolutionary histories. 
• There are approximately a dozen viable equations of state for neutron stars 
(Cook, Shapiro & Teukolsky 1994). These are vital in understanding the spin 
up process, glitches and supernovae. Since most surveys to date have had poor 
sensitivity to MSPs with periods close to 1 ms, the observational constraints 
on equations of state are poor. 
• As discussed above there are several different models for the formation of 
MSPs and at this stage none can be ruled out. Accretion Induced Collapse 
(AIC) of a white dwarf is one of the competing theories for the formation of 
MSPs . The quantities of metals observed in many nova eruptions imply that 
the underlying white dwarf ac ually loses more mass during the nova eruptions 
than it accretes in between nova eruptions. This provides some doubt as to 
whether AIC actually occurs. 
• The formation models for binary MSPs predict low mass white dwarfs for the 
companions (see Section 1.3). The only companion detected prior to 1993 
was the very low mass companion to PSR B1957+20 which is not a white 
dwarf. Optical observations are therefore essential to examine the nature of 
the companions and thereby test the formation models. 
• There are two models for the formation of solitary MSPS, ablation of low 
mass companions or original spin from the direct collapse of very high mass 
stars. There is evidence for ablation, in the existence of systems such as 
PSR B1957+20 (van den Heuvel & van Paradijs 1988; Kluzniak et al. 1989). 
However, many of the arguments for ablation require relatively high spin down 
energies for pulsars. The existence of several single pulsars with spin down 
energies 300 - 1000 times smaller than that of B1937+21 casts some doubt 
as to whether they could have ablated their companions. 
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• A key factor in ascertaining which model for the formation of MSPs is correct, 
is an assessment of the birthrates and lifetimes of MSPs and the proposed 
progenitors. There are two groups of binary MSPs, those with A > 60 days 
and those with A < 20 days. The birthrates of binary MSPs agree with those 
of low mass X-ray binaries (LMXBs) for the long orbital period systems, but 
not for the short period systems (Lorimer et al. 1995b ). The birthrates and 
lifetimes of AIC progenitors have not been studied in detail. 
1.9 Thesis Summary 
This thesis , seeks to address some of the above issues relating to the newly discov-
ered population of MSPs, and to use them to test theories of gravity. In Chapter 2, 
the discovery of the first white dwarf companion to an MSP, J0437- 4715 and the 
resulting implications for the ages , and magnetic field strengths of MSPs are pre-
sented. The proper motion of PSR J0437-4715 measured from timing is discussed 
in Chapter 3 and the existence of the pulsar wind nebula around J0437- 4 715 is 
confirmed. The results from searches for 2 other MSP companions are described 
in Chapter 4. The companion to PSR J2145-0750 is identified, while a tight limit 
on the companion to PSR J0034- 0534 is used to place an interesting constraint on 
the rotation period of the pulsar at birth. In chapter 5, optical observations which 
demonstrate that the companion to the SMC pulsar J0045- 7319 is a Bl V star and 
not a black hole are reported. A summary of the early results from timing 10 MSPs 
found in the Parkes survey is given in Chapter 6. A new method is presented in 
Chapter 7 for determining the distances to binary millisecond pulsars, along with 
its implications for tests of general relativity and constraints on the composition 
and distribution of dark matter in the galactic disk . In Chapter 8, limits placed 
on PP N parameters a 1 and a 3 using millisecond pulsars are discussed. Finally, 
Appendix A describes a graphical interface written for the most widely used pulsar 
timing model fitting package, TEMPO. 
Chapter 2 
The Optical Companion of PSR 
J0437-4715 
J. F. Bell, M. Bailes & M. S. Bessell 
Nature, 364, 603-605 , 1993. 
Abstract 
Optical observations of the binary companions of radio pulsars provide independent 
estimates of pulsar ages. Observations of the binary pulsar PSR 0655+64 revealed 
that it possesses a cool, very old, white dwarf companion (Kulkarni 1986). This 
fundamentally altered the view held of the evolution of a pulsar's magnetic field , 
suggest ing that the fields of radio pulsars do not decay. Optical images have been 
obtained to search for the companion to the nearby binary millisecond pulsar J0437-
4715. The only plausible companion star is a very cool (Te = 4000 K) white dwarf. 
This is the first detection of a white dwarf in a quiescent state in orbit around a 
millisecond pulsar. Its temperature is consistent with that obtained from cooling 
models if the white dwarf is a similar age to the spin-down age of the pulsar. This 
provides a strong indication that the magnetic fields of millisecond pulsars do not 
decay. There is also evidence for a surrounding nebula which may be an associated 
pulsar wind nebula. 
2 .1 Introduction 
The binary millisecond pulsar J0437-4715 was discovered in a systematic survey 
of the southern sky with the Parkes radio telescope (Johnston et al. 1993). It 
has a rotational period of 5. 75 ms and is the member of a binary system with a 
5.74-day circular orbit. The Keplerian parameters suggest that it possesses a low-
mass companion (,...., 0.2 M8 ) which from evolutionary arguments is almost certainly 
a white dwarf (Bhattacharya & van den Heuvel 1991). PSR J0437-4715 possesses 
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the smallest dispersion measure, 2.65 pc cm-113, of any known MSP, indicating that 
the distance is only 140 ± 35 pc (Taylor & Cordes 1993). Since it is so close and 
has a high galactic latitude of 42° it is outstanding system for studies at optical 
wavelengths. In an earlier paper, a star with a magnitude of B1 -22 was identified 
on a Schmidt plate at the pulsar's position (Johnston et al. 1993). 
2.2 Observations 
The PSR J0437-4715 system was observed with the Anglo-Australia Telescope 
(AAT ) by the AAT CCD Service Imaging program and the Australian National 
University 2.3 m telescope in January and February 1993. Seeing conditions were 
typically 1.3 arcsec. The equatorial positions of several bright stars which were on 
the frames obtained on the AAT were extracted from the Hubble Space Telescope 
Guide Star catalogue and used to perform accurate astrometry on several candidate 
stars near the radio position. The rms uncertainty in the positions was found to 
be 0.2 arcsec radially. The candidate companion shown in Figure 2.1 is 0.8 arcsec 
from the radio position (J2000) 04:37:15.730 -47:15:08.07 (Johnston et al. 1993). 
o other objects at R < 23.8, V < 24.0 (5 sigma) were found within 6 arcsecs of 
the pulsar position. Errors in the tying of the optical and radio frames at such de-
clinations (Russell et al. 1992) are sufficient to account for the difference between 
the position of the candidate and the radio position , but not for any other stars on 
the image. 
To determine the VRI magnitudes of the companion and the extent of the 
heating of the companion by the pulsar, IRAF was used to perform aperture pho-
tometry for standards (Graham 1982) , the candidate companion and 12 reference 
stars in the same field . A curve-of-growth analysis was done using the techniques 
described by Stetson (Stetson 1990) and Howell (Howell 1989). Non-varying refer-
ence stars in the field were used to define a frame-to-frame baseline, accurate to 0.01 
magnitudes. E(B-V) in the direction of the pulsar (Burstein & Heiles 1982) is less 
than 0.01 magnitudes , indicating that reddening is negligible. The resulting VRI 
magnitudes did not vary significantly from frame to frame even though the binary 
system was observed at several different phases throughout the orbit. Hence, any 
heating of the companion by the energy flux of the pulsar is small. The measured 
magnitudes of candidate companion through various filters is shown in Table 2.1. 
The B- V, V-R and V- I colours as a function of temperature suggest that 
Te = 4000 ± 350 K, if the red degenerate model atmospheres of Kapranidis (1985) 
are adopted. The Mv versus V-I diagram has a well-defined sequence for white 
dwarfs (Monet et al. 1992). A V- I of 1.6 for the companion places it among the 
coolest white dwarfs known. 
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Figure 2.1: The combined AAT R image giving a total exposure of 1800s displayed on a loga-
rithmic scale. The candidate pulsar companion , is indicated by the arrow. Clearly visible is an arc 
lying to the southeast of the pulsar which is probably a bow-shock due to the relativistic pulsar 
wind. The shape of the pulsar wind nebula suggests that the pulsar is moving in a south easterly 
direction . 
2.3 Comparison of Pulsar and Companion Ages 
The expected temperature of the PSR J0437-4715 companion, if it is a white dwarf, 
is now derived from estimates of its mass , age and a cooling model. The mass 
function of the PSR J0437-4715 binary system places a lower limit of 0.13M0 on 
the mass of the companion (Johnston et al. 1993) if the neutron star is assumed to 
have a mass of 1.4 M0 . Unfortunately the unknown inclination angle of the system 
makes it impossible to place strict upper limits on the mass of the companion 
although it is evident that the companion mass is most likely lie in the range 0.13-
0.3 M0 , unless the inclination angle of the orbit is unusually small. In transferring 
matter to spin up the pulsar the companion progenitor would have filled its Roche 
lobe. This provides an extra constraint on the orbital solution since the radius of the 
giaut companion progenitor is uniquely determined by the mass of the degenerate 
core which forms the white dwarf companion (Savonije 1987) . Using two related 
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Filter 
B 
V 
R 
I 
Magnitude 
22.14 ± 0.12 
20.98 ± 0.09 
20.15 ± 0.05 
19.40 ± 0.20 
Table 2.1 : The apparent magnitudes of the companion to PSR J0437-4715 . 
but differing approaches gives masses for the companion of 0.20 M 0 and 0.17 M 0 
(Savonije 1987; Joss , Rappaport & Lewis 1987). Such masses would imply that the 
orbital inclination angle of the system is not far from the median angle of 60°. In 
summary, from both the Keplerian parameters and the core mass-radius relation 
for giants it seems likely that the companion mass is between 0.13 and 0.3 M0 . For 
the remainder of this chapter the companion will be assumed to be a white dwarf 
of mass 0.15 M0 . 
The characteristic age T , of a pulsar is given by T = P / P where P is the 
rotation period of the pulsar and P is the period derivative (Manchester & Taylor 
1977). Using results from radio timing measurements, P = 4.8 ± 0.2 x 10-20 gives 
T = 1.9 x 109 years . This is an upper limit to the time since mass transfer ceased, 
although this depends upon the assumption that n = 3 as is expected for magnetic 
dipole radiation. A firm upper limit to the time since spin-up ceased is 4 x 109 years, 
from assuming n = 2. 
The cooling model that is the closest approximation to the companion to 
PSR J0437- 4715 explicitly considers the cooling evolution of a 0.3 M0 pure helium 
whi te dwarf in a binary system (Iben & Tutukov 1986) . Since the companion must 
have become a white dwarf after the rebirth of the pulsar, the characteristic age of 
the pulsar provides an upper limit for the cooling age of the white dwarf. Setting 
the white dwarf cooling age Tcool = T and interpolating from Figure 2 of Iben and 
Tutukov (1986) , implies a luminosity of L = 4.2 x 10-4 L0 . For a given cooling time 
T cool , the cooling luminosity given by Mestel (1952) scales as mA-715 , where A is the 
atomic number of the interior and m is the mass of the white dwarf. Assuming the 
companion to PSR J0437-4715 to be a pure helium white dwarf as in the cooling 
model , the luminosity needs to be scaled by 0.15/0.3 = 0.5, giving L = 2.1 x 10-4 L0 . 
Using the Stefan-Boltzmann law, L = 41rr2aTe4, with r = 0.013m-1/ 3 (all in solar 
units) (Savonije 1983b ), gives Te ,._, 4500 K. The estimate for Te of 4500 K is slightly 
hotter than the 4000 ± 350 K obtained from the photometry. More massive white 
dwarfs yield companions which are even warmer , with the temperature scaling as 
m 5112 . If the magnetic field of the pulsar had decayed on the canonical time scale 
(Lyne, Anderson & Salter 1982) of 5 x 106 years , the age of the pulsar would be 
only l. 7 x 107 years . The corresponding temperature of the companion would be 
18000 K. It is clear therefore, that the magnetic fields of pulsars do not decay at 
11 
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this rate forever , if at all. 
The estimated radius (assuming a mass of 0.15 M0 ) and observed tempera-
ture of the white dwarf may be used to calculate the absolute BVRI magnitudes 
from standard effective wavelengths and zero-point corrections (Bessell 1979). By 
comparing these with the apparent magnit udes a distance to the star of 160 ± 20 pc 
is obtained , consistent with the estimate from the dispersion measure of 105- 175 pc 
(Taylor & Cordes 1993) . If the companion is heavier, the distance estimate must 
decrease since the radius and therefore the luminosity decrease with increasing mass. 
2.4 Possible Pulsar Wind Nebula 
On the R image of stacked AAT frames shown in Figure 2.1 , an arc is apparent to 
the southeast of the companion. Although it may be an artifact/reflection or a tidal 
tail from the nearby galaxy, closer inspection reveals the symmetric nature of the arc 
about the companion, raising the possibility that it is a pulsar wind nebula (PWN) . 
Such objects are thought to arise from the relativistic wind of a high-energy pulsar 
forming a bow shock as it interacts with the interstellar medium. The existence of 
such objects was predicted (Blandford et al. 1973; Arons 1983) and several have 
already been reported (Hester & Kulkarni 1988; Kulkarni & Hester 1988; Kulkarni 
et al. 1992; Kulkarni et al. 1988; Cordes, Romani & Lundgren 1993). The 
energetics and velocity of the pulsar may be used to check that the dimensions of 
the PWN are consistent with those observed. For a shock at a distance Rw from a 
pulsar, t he pressure resulting from the relativistic pulsar wind, E/(41rR!c) , should 
be balanced by the ram pressure, p0v; , where vP is the velocity of the pulsar and 
p0 is the density of the ambient medium (Kulkarni & Hester 1988) . Assuming that 
the distance to the pulsar is approximately 160 pc implies a stand-off distance, Rw, 
for the bow shock of 0.007pc. If p0 = 1 particle cm-3, then the derived velocity of 
the pulsar is -60 km s-1 . The velocity implied from scint illation measurements , if 
the pulsar is also at a distance of 160 pc is 40 km s-1 (Nicastro & Johnston 1995). 
Given the uncertainties involved in estimating the density of the interstellar medium 
and scintillation speed velocities , these numbers are in satisfactory agreement. The 
nebulosity is only visible in the R image, which is consistent with it being mainly 
H0 emission. This is further evidence that the PWN is genuine. The orientation of 
the bow shock and the scintillation speed velocity suggest that the proper motion of 
the system should be ,..._, 50 mas yr-1 in a south easterly direction , that is , towards 
the apex of the arc. 
The above discussion ignores the possibility that PSR J0437-4 715 may be 
significantly contributing to the optical emission. This would change the observed 
colours and luminosity of the companion. It would be possible to place upper limits 
on the level of pulsed emission by observing with a high-speed photometer and 
folding at the pulsar period. 
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Chapter 3 
The Proper Motion and Wind 
Nebula of PSR J0437-4715 
J. F. Bell, M. Bailes, R. N. Manchester, J.M. Weisberg & A.G. Lyne 
Astrophysical Journal; 440, L81- L83, 1995. 
Abstract 
Pulse arrival time measurements have been obtained over a two-year interval for 
PSR J0437- 4715 using the Parkes radio telescope. These data show that the proper 
motion of the pulsar is 135 ± 4 mas yr-1 at a position angle of 122° ± 2°. This 
agrees well with the proper motion of the optical companion, putting the association 
beyond doubt. An Ha image confirms that the nebulosity discussed in Section 2.4 
is a bow shock associated with the pulsar and shows that its orientation is close to 
that expected from the proper motion. 
3 .1 Introduction 
PSR J0437-4 715 is the closest and brightest millisecond pulsar known, with an 
estimated distance of 140 pc and a flux density of about 90 mJy at 1500 MHz. The 
pulsar, which has a rotation period of 5.75 ms, is in a 5.74-day circular orbit with 
a low-mass white dwarf companion (Chapter 2) . Its proximity to the Earth makes 
it an excellent candidate for proper motion and parallax measurements. 
Proper motion measurements have shown that pulsars are high-velocity ob-
jects with typical birth velocities of 450 km s-1 (Lyne & Lorimer 1994). Most of 
these proper motions have been determined interferometrically (Harrison, Lyne & 
Anderson 1993; Fomalont et al. 1992). A few proper motions of millisecond pulsars 
have been measured using high precision timing (Ryba & Taylor 1991a; Ryba & 
Taylor 1991b). A transverse velocity contributes to the observed period derivative 
(Shklovskii 1970; Camilo, Thorsett & Kulkarni 1994) and hence affects the derived 
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characteristic age and surface magnetic field of a pulsar. For PSR J0437-4 715, this 
effect is very important . 
For systems where the companion is optically identified as a white dwarf, the 
true age of the associated neutron star can be estimated from the white dwarf's 
colour and luminosity. Observations of this type have shown that neutron stars 
have ages of several Gyr (Kulkarni , Djorgovski & Klemola 1991; Bell, Bailes & 
Bessell 1993) , implying that their magnetic fields do not decay below about 108 G. 
These studies have also shown the companions to be among the coolest and faintest 
white dwarfs known. 
Pulsar wind nebulae (PWN) are Ha nebulae generated by the interaction of 
the pulsar's relativistic wind with the interstellar medium. The rapid motion of 
pulsars often results in these PWN having the form of a bow shock. Studies of 
other PWN (Kulkarni & Hester 1988; Aldcroft , Romani & Cordes 1992; Cordes, 
Romani & Lundgren 1993) suggest that Ha photons are produced by collisional 
excitation. Broad band optical imaging (Chapter 2) revealed an apparent bow-
shock nebula close to PSR J0437-4715. The proper motion measurements reported 
here, along with an Ha image, confirm the existence of this nebula and show that 
it is associated with the pulsar. 
3.2 Pulse Arrival Time Measurements 
Between July 1992 and June 1994, 1416 pulse arrival times were obtained using 
the Parkes radio telescope at a central frequency of 1520 MHz. Orthogonal linear 
polarisations were observed using a 2 x 64 x 5 MHz filter bank. After detection, 
signals for the two polarisations were added, filtered, one-bit digitised at 0.08-
0.3 ms intervals and written to magnetic tape. Offi.ine, the data were folded at 
the topocentric pulsar period to produce mean pulse profiles for each frequency 
channel, typically with integration times of 100 s. These were then transformed to 
the Fourier domain, phase-shifted to compensate for dispersive delays, transformed 
back to the time domain and summed to form a final mean profile. A standard 
pulse template was fitted to the observed profiles to determine the pulse times of 
arrival (TOAs). Formal uncertainties in the TOAs, based on the observed pulse 
width and signal-to-noise ratio, were about 0.3 µs. The data were analysed using 
the program TEMPO (Taylor & Weisberg 1989) , together with the DE200 ephemeris 
of the Jet Propulsion Laboratory (Standish 1982) and the Blandford & Teukolsky 
(1976) model for the timing of a pulsar in a binary system. 
A satisfactory 11-parameter fit to the data was obtained giving an rms timing 
residual (the difference between the measured TOAs and the model predictions) 
of 2.7 µs . Derived parameters from this fit are given in Table 3.1 and the post-fit 
residuals are shown in Figure 3.1. Deviations of the post-fit residuals are an order 
of magnitude larger than would be expected from the independently estimated 
uncertainties in the TOAs, as can be clearly seen in Figure 3.1. The systematic 
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errors may arise from imperfect calibration of the orthogonal polarisations leading 
to changes in observed pulse shape. Because of the non-Gaussian nature of these 
errors, the estimated parameter uncertainties quoted in Table 3.1 (in parentheses) 
have been increased to ten times the rms values given by TEMPO. Despite these 
increased errors, the derived proper motion is highly significant. The effect of 
annual parallax in the timing residuals has not been detected yet. Since the pulsar 
is at a high ecliptic latitude, the expected residuals due to parallax are small , about 
1-2 µs in amplitude. 
R.A. (J2000) 
Deel. (J2000) 
Proper motion in R.A. 
Proper motion in Deel. 
Period 
Period derivative 
Period epoch (MJD) 
Dispersion measure 
Orbital period 
Semi-major axis 
Eccentricity 
Epoch of periastron ( MJD) 
Longitude of periastron 
Mass function 
043715. 7102(2) 
-4 71507.998(6) 
114(2) mas yr-1 
-72(4) masyr-1 
5.757451819356(4) ms 
5.709(10) X 10-2o 
48825.00 
2.6484 cm-3 pc 
496026.0568(16) s 
3.3666787(14) s 
0.0000187(10) 
48817.82( 4) 
1°(2) 
0.0012431 M0 
Table 3.1: Timing parameters for PSR J0437- 4715 . The epoch and longitude of periastron 
are highly covariant because of the small eccentricity. Observers should use 48817.8258288 and 
0.788747 respectively. 
3.3 Proper Motion 
The derived proper motion, 135 ± 4 mas yr- 1 at a position angle (measured from 
Galactic north toward east) of 122° ± 2° , compares well with the optical proper 
motion (Danziger, Baade & Della Valle 1993) of 110 ± 40 mas yr-1 at a position 
angle of 116°±10°. This puts the association of the optical companion and the pulsar 
beyond doubt . For a distance of 140 pc (Taylor & Cordes 1993), the transverse 
velocity implied by the timing proper motion is 91 ± 3 km s-1. However, the 
distance estimate, based on the pulsar dispersion measure, is uncertain by about 
30%, so the real uncertainty in the velocity is of the order of 25 km s-1 . The proper 
motion estimate is therefore in reasonable agreement with the value of 63±30 km s-1 
estimated from interstellar scintillation observations (Nicastro & Johnston 1995). 
The kinematic contribution to the pulsar period derivative, first identified by 
Shklovskii (1970) , is very significant in the case of PSR J0437-4715. This term is 
26 
-. 
rn 
~ 
..._, 
-aj 
~ 
'O 
·~ rn 
Q) 
~ 
0 
0 -
IO 
0 
-
0 
0 
IO -
I 
0 
-~ 
0 ... 
0 
~ ... 
I 
I 
• • 
I 
I 
. 
:, 
I• 
• i 
I 
900 
. -.. - ~ -- -
The Proper Motion and Wind Nebula of PSR J0437-4715 
I I I I I I 
-
• 
• • • • • 
• 
. • 
• -
• 
• • 
• 
• • 
• • • 
• 
• • • 
-
I I I I I I 
I I I I I I 
I -
I 
• I I 
I 111 ,11 ,,.1, .. • • I . .. I -. 
I 
I -
I 
I I I I I I 
1000 1100 1200 1300 1400 1500 
MJD - 48000 
Figure 3.1 : Timing residuals for PSR J0437-4715 after fitting for pulsar and orbital parameters. 
The upper part of the figure shows the residuals with the proper motion set to zero and the lower 
part gives the final residuals . 
given by 
. v2 p ) -20 !:lP = ~ = (3.8 ± 1.1 x 10 , (3.1) 
where v is the transverse velocity, dis the distance and P is the pulsar period. For 
PSR J0437- 4715 the kinematic term accounts for about two-thirds of the measured 
period derivative. The intrinsic period derivative is therefore about 2 x 10-20 . This 
implies a dipolar field strength of about 3 x 108 Gauss and a characteristic age 
of about 5 Gyr. The characteristic age is an upper limit to the true age of the 
pulsar as it assumes that the rotation period of the pulsar at birth is much less 
than its present rotation period. Hence, this age is consistent with estimates of 
cooling ages of the white dwarf companion (Bell , Bailes & Bessell 1993; Danziger, 
Baade & Della Valle 1993; Bailyn 1993) which range between 1 and 4 Gyr. The 
uncertainty in these estimates is again about 30%, corresponding to the uncertainty 
in the distance. 
Correction for the motion of the sun with respect to the local standard of 
rest gives a pulsar velocity through the local interstellar medium of 96 km s-1 at 
a position angle of 119° . The corresponding Galactic position angle (measured 
anticlockwise from Galactic north) is 26°. Since the Galactic latitude of the pulsar 
I 
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Figure 3.2: Ho image of the bow-shock wind nebula around PSR J0437- 4715 . The arrow is 
oriented in the direction of the system 's proper motion and the star near its tip is the white-dwarf 
binary companion to the pulsar. The length of the arrow is 20 arcseconds. 
is -42° , this may indicate that it is moving toward the plane. However, at this 
Galactic latitude, the z-mot ion of the pulsar could be easily dominated by the 
unmeasured radial velocity component. Since the pulsar is very old, it may have 
executed many oscillations in the Galactic z direction. Hence, it is not unreasonable 
for it to be moving towards the Galactic plane. 
3.4 Pulsar Wind Nebula 
Using the ANU 2.3 m telescope, a 3000 s exposure was obtained of the PSR J0437-
4 715 region using a filter of width 15 A centred on Ha. The resulting image, shown 
in Figure 3.2, confirms that the nebulosity identified in Chapter 2 is an Ha bow-
shock PWN associated with the pulsar. The arrow in Figure 3.2, which indicates 
the direction of the timing proper motion, aligns well with the symmetry axis of 
the PWN, providing further evidence for the association. 
The cometary shape of the nebula implies a balance between ram pressure 
(p0 v;) and the pressure due to a relativistic pulsar wind (~/41r R!c) , where vp is the 
pulsar velocity, p0 is the density of the ambient medium, E is the spin-down energy 
of the pulsar, and Rw is the standoff distance between the pulsar and the apex of the 
bow shock. Estimates derived above for the pulsar velocity and intrinsic spin-down 
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rate imply a hydrogen density of ,.._, 0.2 cm-3 in the pulsar vicinity. A flux scale 
for the image in Figure 3.2 was established using Ha observations of the planetary 
nebula SMP 6 (Meatheringham & Dopita 1991). Integrating over the entire of 
the bright arc and assuming it dominates the flux for the PWN, Fa = 2.5 x 10-3 
photons cm-2 s-1 . Consideration of the shock excitation of the nebula shows that 
(3.2) 
where v7 is the pulsar velocity in units of 107 cm s-1 , X is the fraction of neutral 
hydrogen, .E33 is the pulsar spin-down luminosity in units of 1033 erg s-1 , and d is 
the pulsar distance in kpc (Cordes, Romani & Lundgren 1993). The flux derived 
above for the PWN implies that X = 0.2, so the local preshock gas is largely ionised. 
For PSR J0437-4715 and other millisecond pulsars, reducing the uncertainty 
in distance is the key to gaining further insight into parameters that depend on 
velocity and intrinsic period derivative. For PSR J0437-4 715, a good estimate 
of the distance will probably be obtained from improved timing observations and 
independently from long-baseline observations currently under way. 
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Chapter 4 
An Optical Study of PSRs 
J2145-0750 and J0034-0534 
J. F. Bell, S. R. Kulkarni , M. Bailes, E. M. Leitch & A. G. Lyne 
Accepted by Astrophysical Journal. 
Abstract 
Optical observations of the low-mass binary millisecond pulsar systems J0034- 0534 
and J2145-0750 are reported. A faint (1=23.5) object was found to be coincident 
with the timing position of PSR J2145- 0750. While a galaxy or distant main-
sequence star cannot be ruled out, its magnitude is consistent with an ancient white 
dwarf, as expected from evolut ionary models. For PSR J0034-0534 , no objects were 
detected to a limiting magnitude of R=25.0, suggesting that the white dwarf in this 
system is cold. Using white dwarf cooling models, the limit on the magnitude of the 
PSR J0034-0534 companion suggests that at birth the pulsar in this system may 
have rotated with a period as short as 0.6 ms. These observations provide further 
evidence that the magnetic fields of millisecond pulsars do not decay on time scales 
shorter than 1 Gyr. 
4.1 Introduction 
Millisecond pulsars are distinguished from normal pulsars by their rapid rotation 
rates and low magnetic field strengths. Considerable debate remains about their 
origin. In the standard model , the neutron star is spun up , accreting mass and 
angular momentum during the post-main-sequence evolution of a binary companion 
(Bhattacharya & van den Heuvel 1991). The standard model requires that either 
the accretion process reduces the magnetic field strength from 1012 G to ,...., 108 
G, or the fields have already decayed to ,...., 108 G. No physical models have been 
suggested that can successfully explain the magnetic field strengths of millisecond 
29 
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pulsars (Phinney & Kulkarni 1994) . During this process the companion completes 
its post-main-sequence evolution and shrinks to form a helium white dwarf. These 
white dwarfs are unusual with respect to the normal CO 0.6 M0 white dwarfs because 
they are composed of helium and have low masses ("' 0.2 M0 ). 
Optical observations of these white dwarfs provide new insights into the for-
mation and evolution of these systems (Kulkarni 1986; Callanan et al. 1989; 
Kulkarni , Djorgovski & Klemola 1991; Bell, Bailes & Hessell 1993; Bailyn 1993; 
Danziger, Baade & Della Valle 1993; Koester, Chanmugam & Reimers 1992; Nicas-
tro et al. 1995; Lorimer et al. 1995a). For white dwarfs that have been detected in 
binary pulsar systems, white dwarf cooling theory offers independent estimates of 
the ages of such systems. From this work it is now known that millisecond pulsars 
are long-lived objects and furthermore , that their magnetic fields do not decay on 
time scales shorter than 1 Gyr. However, these conclusions rest on the detection 
of only one companion, that of PSR J0437-4715 (Chapter 2) and on several other 
upper limits. 
Searches for more companions are interesting for two further reasons. As 
mentioned above, the white dwarf companions are unusual compared to field white 
dwarfs and the physics of their cooling differs qualitatively from that of the ordinary 
white dwarfs. Assuming a quantitative cooling model, one can, in principle, infer 
the birth period of millisecond pulsars. This is a key parameter in evolutionary 
spin-up models and an observational constraint on the equation of state of bulk 
nuclear matter (Kulkarni 1993). 
The recent discovery of many millisecond pulsars in a survey of the southern 
sky with the Parkes radio telescope (Johnston et al. 1993; Bailes et al. 1994; 
Lorimer et al. 1995b) provided further opportunities to increase the understanding 
of these systems. The results and implications of optical searches for the companions 
of two binary millisecond pulsars are the subject of this chapter. 
4.2 Optical Observations 
Imaging data were obtained on the Palomar Hale 200-inch and the ANU 2.3 m 
telescopes in July 1993. The 2.3 rn images through Cousins R and I filters were 
primarily used for astrometry and photometry. The COSMIC camera, at the prime 
focus of the Hale telescope, provided the deep images shown in Figures 4.1 and 4.2. 
To find likely candidates for the companions, astrometry was performed using 10 
stars from the Hubble Space Telescope Guide Star Catalogue for each field. The 
positions of a number of candidate stars near the radio positions were also measured. 
Gunn i magnitudes were transformed to Cousins I magnitudes using i = 1.0084 x I 
+ 0.5427. Images of both pulsars were obtained with typical integration times of 
800 s and later combined. The seeing was about 1 arcsecond (full width at half 
maximum) or better. The data were flat-fielded and analysed using IRAF. 
In the field of PSR J2145-0750, only one candidate star is within 3.5 arcsecs 
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of the radio position, as shown in Figure 4.1. That star has I = 23.5 ± 0.1 and at 
21 45 50.48 - 07 50 18.02, it is 0.3 ± 1.0 arcsecs from the radio position; a plausible 
candidate for the companion. It is possible that this is a distant unrelated star but 
the probability of finding a main sequence star so distant at this Galactic latitude, 
-72° , is low. The probability of finding an unresolved faint red Galaxy is significant. 
However, the colour R-I '.'.::::'. 0.6 is consistent with the object being a cool white dwarf 
and the discussion below assumes that this is the companion. 
Requiring a 3cr detection for PSR J0034-0534, no stars were found within 
several arcseconds of the radio position down to limiting magnitudes of I = 24.0 
and R = 25.0. In the following sections the implications of these observations for 
pulsar ages and initial rotation periods are discussed. 
4.3 White Dwarf and Pulsar Ages 
The rotational age of a pulsar, Tp is defined to be: 
p ( (p0)n-l) 
Tp = (n - l)J\ 1 - p ( 4.1) 
where n is the braking index of the pulsar ( usually assumed to be 3), P is the 
rotation period, P0 is the rotation period at birth and P; is the present value of 
the intrinsic period derivative. There are no measurements of braking indices for 
millisecond pulsars. For young pulsars n "" 2.5 (Manchester & Taylor 1977), whereas 
n = 3 is predicted by the vacuum solution for a rotating magnetic dipole. If 
Po < < P and n = 3, then T = P /2P; defines the characteristic age, which is 
regarded as an upper limit to the age of the pulsar. The observed P is corrupted by 
a kinematic effect , Pv2 / cd, where v is the transverse velocity and d is the distance 
(Shklovskii 1970; Camilo, Thorsett & Kulkarni 1994) . At a distance of 0.5 kpc, the 
scintillation velocity of 31 ± 25 km s- 1 (Nicastro & Johnston 1995) for PSR J2145-
0750 would contribute to the observed P at the 20% level. For PSR J0034-0534 , v 
has not been determined, but even a 50 km s- 1 velocity would contribute only 8% 
of the observed P. Assuming a transverse velocity of 50 km s-1 and the nominal 
distance estimates based on a model of interstellar electron distribution (Taylor & 
Cordes 1993) and the observed dispersion measures, the characteristic ages of PSRs 
J2145-0750 and J0034-0534 are 11.0 and 4.8 Gyr, respectively (Table 4.1). 
The most relevant white dwarf cooling model for the systems under consider-
ation describes the cooling evolution of a 0.3 M0 helium white dwarf in a binary 
system (Iben & Tutukov 1986). This model gi ves the bolometric luminosity L of 
the white dwarf as a function of time. From Figure 2 of Iben and Tutukov, the 
luminosities are 0.51 x 10-4 10 and 1.20 x 10-4 10 for PSR J2145-0750 and PSR 
J0034- 0534 , respectively. The cooling luminosity of a white dwarf for a given age 
scales directly with mass (Mestel 1952). Assuming that the companions differ only 
in mass from those in the cooling model , the luminosities are scaled by 0.43/0.3 and 
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Figure 4.1: Optical image of PSR J2145-0750 companion . The companion is indicated by an 
arrow. 
0.15/0.3, giving luminosities of 0.74 x 10-4 10 and 0.60 x 10-4 10 respectively. To 
predict magnitudes, the following assumptions were made: that the spectra are well 
described by a blackbody, zero points given by Bessell (1979), the Stefan-Boltzmann 
law, L = 41rr2aT; and the mass-radius relation for white dwarfs, r = 0.013M- 1/ 3 
(Savonije 1983a). For PSR J2145-0750, I~ 22.6 , R ~ 23.3 and Te~ 4100 K, given 
a nominal distance of 0.5 kpc and an age of 10 Gyr. Similarly for PSR J0034-0534, 
I ~ 24.5 , R ~ 25.4 and Te ~ 3250 K, given a nominal distance of 1.0 kpc and age 
of 4.8 Gyr. 
The companion of PSR J2145-0750 (I= 23.5 ± 0.1) is fainter than the pre-
dicted magnitude of I ~ 22.6. This indicates that either the companion has cooled 
faster than predicted by the white dwarf cooling models or the system is further 
away than the nominal distance of 0.5 kpc. Distance estimates based on dispersion 
measures are uncertain at the 30% level. Increasing the distance to 0. 75 kpc would 
shift the predicted I magnitude to I ~ 23.5, which agrees with the observed value. 
The companion was also detected in a deep image, R = 24.1 ± 0.4. This is consistent 
with the R- I colour predicted above. So far it has been assumed that the mass of 
the companion is around the minimum possible, that is 0.43 M0 . The equation 
of state for these white dwarfs is some what uncertain, making it difficult to esti-
mate the uncertainties in the cooling age. Changing the mass of the companion to 
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Figure 4.2: Optical image of the field around PSR J0034- 0534. The pulsar position is indicated 
by a cross hair . 
m e = 0.6 M0 and using the cooling curve for a CO white dwarf does not affect the 
predicted magnitudes , but increases the inferred effective temperature to 2 4300 K. 
With Mv :::: 15.8, this white dwarf is amongst the coldest and oldest known (Monet 
et al. 1992; Winget et al. 1987; Kapranidis 1985) . 
4.4 Initial Rotation Period of PSR J0034-0534 
The companion of PSR J0034-0534, at the predicted effective temperature of Te 2 
3250 K, has R- I :::: 0.9. Since the companion can only be younger and therefore 
hotter than 3250 K, the R-I must be :s; 0.9. Hence, the limit of R = 25.0 is tighter 
than I = 24.0 , when compared with the predicted magnitudes of R :s; 25.4 and I 
:s; 24.5. Comparing the limiting magnitude of 25 in R and the predicted R :s; 25.4, 
the cooling age is Teool > 4.0 Cyr. 
PSR J0034- 0534 is one of the most rapidly rotating pulsars known (P = 
1.877ms) . Using the 4.0 Gyr cooling age in Equation 4.1, with n = 3, gives P0 = 0.6 
ms. Several of the parameters used to derive this value are uncertain. If m e > 0.15 
I , 
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Pulsar Name J0034-0534 J2145- 0750 
Right Ascension ( J2000) 003421.826(2) 214550.468(2) 
Declination ( J2000) -053436. 56 ( 3) -075018.29(8) 
Galactic Latitude ( deg) -68 -42 
Galactic Longitude ( deg) 111 47 
Period (ms) l.877181854020(2) 16.05242365500(8) 
Period derivative 0.7(1) X 10-20 2.9(2) X 10-2o 
Period epoch (MJD) 48765.986000 48978.657300 
Dispersion Measure ( cm-3 pc) 13.763(2) 9.043(2) 
Orbital period (days) 1.58928180(3) 6.8389024 7( 4) 
Semi-major axis (lt-s) 1.437768(5) 10.16409(2) 
Eccen tri city 0.0000(1) 0.000018( 4) 
Epoch of periastron (MJD) 48765.6(1) 48932.3(2) 
Longitude of periastron ( deg) O(assumed) 206(12) 
Characteristic age ( Gyr) 4.8(7) 11.0(7) 
Distance (kpc) 1.0(3) 0.5(2) 
Mass function (M0) 0.0012634(3) 0.0241054(2) 
Min. Companion Mass (M0 ) 0.15 0.43 
R magnitude >25.0 24.1(4) 
I magnitude >24.0 23.5(1) 
Integration time R ( s) 4000 2400 
Integration time I ( s) 2400 4600 
Table 4.1: Parameters for PSR J2145- 0750 and PSR J0034-0534. The numbers in brackets 
signify the 2u uncertainty in the last quoted digit . 
M0 or d < 1.0 kpc or Tcool > 4.0 Gyr or n > 3 or v < 50 km s-1 , then an even 
smaller value of Po is implied. The converse is of course true if the above inequalities 
are reversed. 
Taking an extreme case, with d = 1.25 kpc, minimum companion mass, and 
a transverse velocity of 100 km s-1 , a cooling age at the more rapid end of the 
possible range, and a low braking index of 2.5, then Po < 1.6 ms, near the current 
spin periods of PSR B1957+20 and PSR B1937+21. It is unlikely that all of these 
values are so far from those more normally assumed. It is therefore concluded that 
the initial spin period of PSR J0034-0534 could easily have been less than 1.6 ms. 
This is a fascinating possibility, given that the theoretical minimum rotation 
periods for neutron stars are 0.3 - 1.6 ms depending on the equation of state. 
Other observational constraints on a class of sub-millisecond pulsars are weak since 
all pulsar searches to date have not had significant sensitivity to sub-millisecond 
pulsars (Kulkarni 1993; Lyne 1995). The accuracy to which P0 can be determined 
will improve with measurement of the proper motion, deeper optical searches and 
continued precision timing. 
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Chapter 5 
PSR J0045-7319: A Dual-Line 
Binary Radio Pulsar 
J. F. Bell, M. S. Bessell, B. W. Stappers, M. Bailes & V. M. Kaspi 
Astrophysical Journal, 447, 1117- 1119, 1995. 
Abstract 
Binary radio pulsars are superb tools for mapping binary orbits, because of the 
precision of the pulse timing method (for example Taylor & Weisberg, 1989) . To 
date, all orbital parameters for binary pulsars have been derived from observations 
of the pulsar alone. In this chapter the first observations of the radial velocity 
variations due to the binary motion of a companion to a radio pulsar are presented. 
The results demonstrate that the companion to the Small Magellanic Cloud pulsar 
J0045-7319 is the Bl V star identified by Kaspi et al. (1994) , and not a black hole 
as proposed by 1ipunov et al. (1995). The mass ratio of the system is 6.3 ± 1.2, 
which, for a neutron star mass of 1.4 M0 , implies a mass of 8.8 ± 1.8 M0 for the 
companion, consistent with the mass expected for a Bl V star. The inclination angle 
for the binary system is therefore 44° ± 5° , and the projected rotational velocity of 
the companion is 113 ± 10 km s-1 . The heliocentric radial velocity of the binary 
system is consistent with that of other stars and gas in the same region of the Small 
Magellanic Cloud. 
5 .1 Introduction 
The only known pulsar in the Small Magellanic Cloud , PSR J0045- 7319, was dis-
covered in a systematic search for radio pulsars in the Magellanic Clouds (McConnell 
et al. 1991). It was recently shown to be in a 51-day binary orbit of eccentricity 
0.8 (Kaspi et al. 1994). The pulsar's mass function of 2.17 M0 implies a minimum 
mass for the companion of 4.0 M0 for a 1.4 M0 pulsar. Since the maximum mass 
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of a neutron star is "' 3.0 M0 (Friedman, lpser & Parker 1984; Friedman et al. 
1988), the companion must be either a black hole or a massive non-degenerate star. 
The Bl V star identified at the position of the pulsar is a strong candidate for the 
companion (Kaspi et al. 1994). 
For a Bl V star companion, several observable effects are expected, since the 
pulsar approaches to within approximately 5 stellar radii from the star at peri-
astron. At radio wavelengths, effects that would vary with orbital phase include 
dispersion , scattering and absorption of the pulsed emission. Not one of these effects 
has been observed, however systematic frequency-independent timing residuals with 
respect to a Keplerian orbit have been detected (Kaspi et al. 1995). Optically, 
the star should show radial velocity variations with an amplitude of approximately 
30 km s-1 . It has also been suggested that the companion may exhibit flux vari-
ations due to stellar pulsations excited resonantly by the eccentric orbit (Kumar, 
Ao & Quataert 1995) . While the 0.01 magnitude amplitude of this effect will be 
very difficult to detect , such small variations have been detected in other objects 
(Balona 1995) . In contrast, if the companion is a black hole and the Bl V star is 
not associated, none of the above effects should be observed (Lipunov, Postnov & 
Prokhorov 1995). 
5.2 Radial Velocity Observations 
To determine the nature of the companion to PSR J0045- 7319 observations of the 
Bl V star were conducted to search for radial velocity variations. Spectra at a 
resolut ion of 0.55 A per pixel , covering 500 A centered on 3900 A, were obtained at 
nine epochs using the ANU 2.3 m telescope. The [Orr] doublet at 3728 A from the 
surrounding Hrr region was used as a radial velocity standard. Helium-argon arcs 
were used to determine the dispersion. Radial velocities were obtained by Fourier 
cross correlating spectra from each epoch with a spectrum obtained by summing 
the spectra from all epochs. The spectral region used contained the Balmer lines 
between the Balmer jump and H8. 
5.3 Companion Mass and Parameters 
Using the binary period, longitude and epoch of periastron, and eccentricity deter-
mined from radio observations (Kaspi et al. 1995), the systemic radial velocity 
and amplitudt': of the companion's radial velocity variation were determined using 
a least-squares fit to the observed velocities. The fit to the radial velocity curve is 
shown in Figure 5.1 along with the residuals and the pulsar's radial velocity curve. 
This fit gives an apparent semi-major axis for the companion 's orbit of 27. 7 ± 5.0 
It-sec and hence, a mass ratio of 6.3 ± 1.2. Since all measurements of the mass of 
neutron stars are consistent with "' l.4M0 (Thorsett et al. 1993), it assumed that 
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the mass of the neutron star in this system is also 1.4 M0 . The pulsar mass function 
of J = 2.17 M0 , implies a companion mass of 8.8 ± 1.8 M0 and an inclination angle 
for the binary of 44 ° ± 5°. The derived mass is close to the typical mass of a Bl V 
star, -11 M0 (Andersen 1991) . Using the Stefan-Boltzmann law, with an effective 
temperature of 24000 ± 1000 K and luminosity of 1.2 x 104 1 0 , the radius of the 
companion is 6.4 ± 0. 7 R0 . 
To test the stability of the fit, the fitting procedure was repeated with the 
point just after orbital phase zero removed, resulting in an increase of the mass 
ratio of only 12%. The probability that the results shown here are due to random 
radial velocity variations in an isolated B star is very small , considering the close 
positional coincidence (Kaspi et al. 1994), the good agreement of the orbital 
phases of the radio and optical radial velocity curves, and the amplitude of the 
optical radial velocity curve which gives a plausible estimate for the mass of the 
B star. If we assume the points are randomly distributed about a mean value, 
the reduced chi-squared of the prefit data is 4.4, while that of the postfit data is 
0.9. For 8 degrees of freedom, the probability of obtaining a chi-squared as high or 
higher than 4.4 is less than 0.001 , while the probability of obtaining a chi-squared 
as high or higher than 0.9 is 0.5. The accuracy of the measurements here could be 
improved with better resolution and higher signal to noise ratio. 
A high rotational velocity for the companion might be expected as evolution-
ary histories for this type of system involve mass transfer from the pulsar progen-
itor to the companion, which serve to spin it up (Bhattacharya & van den Heuvel 
1991). Using the He I lines , the projected rotational velocity for the companion 
is 113 ± 10 km s-1 . Such velocities however are common amongst main-sequence 
Bl stars. Assuming that the spin and orbital angular momenta are aligned, the 
rotational angular velocity of the companion at its equator is v/r = 3.1 ± 0.3 ra-
dians per day. When compared with the orbital angular velocity at periastron of 
21r pb- 1 (l + e )0 ·5(1- e )-1.5 = 1.96 radians per day, this indicates that synchronisation 
is unlikely to have occured, although it cannot be ruled out , given the uncertainty 
in the B star's inclination relative to the orbit. 
5.4 Systemic Radial Velocity 
The radial velocity of the companion was found to be - 10 ± 7 km s-1 relative to 
the surrounding nebula NGC 248 (Nl3A + Nl3B) (Henize 1956) . The heliocentric 
radial velocity of 127 ± 7 km s-1 for NGC 248 compares well with the previously 
measured value of 131 ± 3 km s-1 (Smith & Weedman 1973). The binary system's 
observed heliocentric velocity of 117 ± 7 km s-1 is consistent within the uncertain-
ties of the 167 ± 40 km s-1 estimated from low dispersion spectra (Kaspi et al. 
1994). The observed heliocentric velocities of both the PSR J0045- 7319 binary and 
NGC 248 are somewhat less than the mean heliocentric radial velocity for the SMC 
of 160 km s- 1 (Martin , Maurice & Lequeux 1989). However, when one considers 
-- --= 
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the radial velocities of the four components of the SMC, - 45, -28, 9 and 30 km s-1 
relative to the mean (Martin, Maurice & Lequeux 1989), the difference is not sur-
prising. Observed heliocentric radial velocities for M stars (Maurice et al. 1987) 
in the same region as PSR 30045-7319 are similar to that of the pulsar. 
The results outlined here demonstrate that the Bl V star identified by Kaspi 
et al. (1994) is the companion to PSR 30045-7319, and rule out a black-hole com-
panion proposed by Lipunov et al. (1995). This makes PSR 30045-7319 the first 
dual-line binary radio pulsar. The fact that no known radio pulsar has a black-
hole companion means that we have no definitive proof that such systems exist, 
despite the existence of objects such as Cygnus X-3 which might be expected to 
form a binary system comprised of a neutron star and a black-hole in the future 
(van Kerkwijk et al. 1992). This might be because binaries containing black holes 
are particularly susceptible to coalescence during the final common-envelope phase 
of their evolution. However , the expected number of observable pulsar black-hole 
binaries, given the statistics of the known pulsar population , is of the order of only 
one (Narayan, Piran & Shemi 1991 ; Lipunov et al. 1994). A further implication of 
the physical association of the pulsar and B star is that the wind of the companion 
is tenuous compared with those of typical Galactic B stars , as was suggested by 
Kaspi et al. (1994) . Selection may play a role here, as higher stellar-wind densities 
might have rendered the pulsar invisible, as in the case of PSR B1259-63 during its 
periastron passage (Johnston et al. 1992b). 
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Figure 5.1 : Top: Radial velocity data and fitted curves for the radio observations (Kaspi et al. 
1995) (large amplitude curve) and for the companion , from optical observations (small amplitude 
curve). Bottom : Residuals of the two-parameter fit to the optical radial velocity variations of the 
companion . In both panels the error bars shown are ± one standard deviation. 
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Chapter 6 
Timing of Parkes Millisecond 
Pulsars 
Abstract 
Pulse timing data has been collected over 1 to 3 years for 10 of the millisecond 
pulsars found in the Parkes survey, providing accurate astrometric, spin down and 
binary parameters for them. The proper motions of 4 millisecond pulsars and upper 
limits on the proper motions of 5 others are reported along with period derivatives 
accurate to 2-3 significant figures. The observed velocities and distances from the 
Galactic plane of millisecond pulsars appear to be lower than those of low-mass 
X-ray binaries. As a result of a strong selection effect against finding high velocity 
millisecond pulsars, it is unclear as to whether this is indicative of formation via 
accret ion induced collapse or recycling in low mass X-ray binaries. Several of the 
millisecond pulsars have characteristic ages greater than the age of the Galactic disk, 
indicating that their rotation periods at birth were close to their present periods. 
Planetary mass companions similar to Earth, Venus and the two largest companions 
to PSR B1257+12, are ruled out for these 10 millisecond pulsars. 
6.1 Observations and Parameters 
From the time of their discovery until June 1995, at intervals of approximately 3 
weeks, pulse arrival times for the 10 millisecond pulsars (MSPs) were obtained using 
the Parkes radio telescope at 430 and 1520 MHz. Orthogonal linear polarisations 
were observed using a 2 x 256 x 0.125 MHz filter bank at 430 MHz and a 2 x 64 x 5.0 
MHz filter bank at 1520 MHz. After detection , linear polarisations were added, 
filtered, one-bit digitised at appropriate sampling intervals ( typically 0.3 ms) and 
written to magnetic tape. Offiine, the data were folded at the topocentric pulsar 
period to produce mean pulse profiles for each frequency channel, typically with 
integration times of 90-180 s. These were then transformed to the Fourier domain , 
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phase-shifted to compensate for dispersive delays , transformed back to the time 
domain and summed to form a final mean profile. A standard pulse template was 
fitted to the observed profiles to determine the pulse times of arrival (TO As). The 
data were analysed using the program TEMPO (Taylor & Weisberg 1989), together 
with the DE200 ephemeris of the Jet Propulsion Laboratory (Standish 1982) and 
the Blandford & Teukolsky (1976) timing model for binary pulsars. 
The parameters obtained from fits to the data for each pulsar are shown in 
Tables 6.1 , 6.2 and 6.3. The uncertainties quoted for these parameters are twice 
the formal errors given by TEMPO. Post-fit residuals as a function of time are shown 
for 6 binary MSPs in Figure 6.1 and as a function of binary phase in Figure 6.2. 
Post-fit residuals as a function of time are shown for 4 single MSPs in Figure 6.3. 
In sqme cases, deviations of the post-fit residuals are somewhat larger than would 
be expected from the independently estimated uncertainties in the TOAs. While 
the cause of these systematic drifts is not clear, they may arise from imperfect 
calibration of the orthogonal linear polarisations leading to changes in observed 
pulse shape, although other contributions are possible. These drifts are particularly 
obvious for PSR J0437-4715 in Figure 6.2. The peak in the residuals near orbital 
phase 0.25 might be interpreted in terms of Shapiro delay, but given the similar 
peak near orbital phase 0.8 caution is required. 
Pulsar RA Dec µRA µDec 
(J2000) ( J2000) (mas yr- 1) (mas yr- 1 ) 
J0437-4715 04 37 15.71001(9) -47 15 08.0024(9) 116.6(5) -69.7(4) 
J0613- 0200 06 13 43.973(1) -02 00 47.07(3) -3(20) -7(25) 
J0711-6830 07 11 54.226(2) -68 30 47.66(2) 36(16) 9(22) 
J1045- 4509 10 45 50.1941(8) -45 09 54.23(1) 0(5) 15(6) 
Jl455- 3330 14 55 47.958(2) -33 30 46.40(5) 14(17) 29(31) 
J1643- 1224 16 43 38.1545(4) -12 24 58.75(2) 3(9) 18(30) 
J1730- 2304 17 30 21.64 7(3) -23 04 30.5(9) 12(4) 
Jl 744-1134 17 44 29.3883(2) - 11 34 54.55( 4) 
J2124- 3358 21 24 43.8650(5) -33 58 44.06(2) -9(5) -81(22) 
J2145- 0750 21 45 50.469(1) - 07 50 18.27(6) -3(16) - 24(44) 
Table 6.1: Astrometric parameters for 10 MSPs. The numbers in brackets are the uncertainties 
in the last quoted digits . 
The parameters reported here provide the accuracy needed by researchers 
searching for and timing these MSPs at optical, UV, X-ray and ,-ray wavelengths. 
Accurate positions are also needed for optical searches for the companions to binary 
MSPs. These MSPs are well distributed on the celestial sphere and the positions 
and proper motions will therefore be a useful ingredient in tying the extragalactic 
and planetary reference frames. 
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Pulsar Pepoch Period Pdot DM 
(MJD) (ms) ( X 10-20) ( cm pc-3 ) 
J0437-4715 48825.0000 5.7574518193536(7) 5.718(1) 2.654(2) 
J0613- 0200 49200.0000 3.061844035820(8) 0.96(3) 38.7906(8) 
J0711- 6830 49287.7300 5.49096841435(3) 1.5(1) 18.136(1) 
J1045- 4509 48821.0000 7.4 74224103852(8) 1.82(1) 58.1750(5) 
J1455- 3330 48924.0000 7.98720479274(2) 2.44( 4) 13.5746(8) 
J1643- 1224 49303.6300 4.621641444999(2) 1.83(1) 62.4127( 4) 
J1730- 2304 49044.9000 8.122797910623(7) 2.02(2) 9.6324(5) 
Jl 744- 1134 49524.4500 4.07 454587 444(2) 0.9(1) 3.1388( 4) 
J2124-3358 49113.0000 4.93111485704(1) 2.10(3) 4.5985(5) 
J2145-0750 48978.6573 16.05242365497(2) 2.98(4) 9.0052(5) 
Table 6.2 : Spin down parameters for 10 MSPs. The numbers in brackets are the uncertainties 
in the last quoted digits . 
Pulsar A a1 Sln Z Ecc TO w 
( days) (lt-s) ( X 10-5 ) (MJD) ( degrees) 
J0437- 4715 5. 741042361(5) 3.3666813(5) 1.84(3) 48817.87(1) 4(1) 
J0613-0200 1.19851256(2) 1.09145(1) 1.6(22) 49032.1(3) 118( 40) 
J1045-4509 4.08352921 (2) 3.015137(7) 2.2(4) 48822.5(2) 244(14) 
J1455-3330 76.174565(2) 32.36221(2) 16.97(7) 48980.05(6) 223.1(3) 
J1643- 1224 147.017396(3) 25.072612( 4) 50.56(4) 49283.94(2) 321.87( 4) 
J2145- 0750 6.83890250(2) 10.164111(8) 1. 9( 1) 48925.41(8) 200( 4) 
Table 6.3 : Binary parameters for 6 binary MSPs. The numbers in brackets are the uncertainties 
in the last quoted digits . 
PSR Jl 730-2304 is very close to the ecliptic, and hence, the declination of this 
pulsar is rather poorly constrained. Consequently, a satisfactory limit on the proper 
motion in declination of PSR Jl 730-2304 cannot be obtained and the proper motion 
in right ascension should be considered as a lower limit to the proper motion . For 
PSR Jl 744- 1134, more data set is required to determine its proper motion. 
The convective fluctuation-dissipation theory of Phinney (1992) predicts a 
strong correlation between the orbital eccentricities and periods of binary pulsars. 
The observed orbital periods and eccentricities of 10 pulsars are in good agreement 
with this prediction (Phinney & Kulkarni 1994). The orbital periods and eccentric-
ities reported in Table 6.3 are also in good agreement, with the exception of PSR 
J0613- 0200 for which only an upper limit has been obtained to date. The predicted 
eccentricity for PSR J0613- 0200 is smaller than that of PSR J2317+1439, indicat-
ing that PSR J0613- 0200 may ultimately provide a tighter test of local Lorentz 
invariance than PSR J2317 + 1439 as discussed in Section 8.3. 
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6.2 Millisecond Pulsar Velocities 
Velocity estimates are given for 9 of the 10 MSPs in Table 6.4. The uncertainties 
in the transverse velocities are from the uncertainties in the proper motion and 
the 30% uncertainty in the distance estimates. It is possible to set upper limits 
on the transverse velocities of MSPs, by assuming that the only contribution to 
the observed P is from the Shklovskii effect , and that the intrinsic P = O ( Camilo 
1995b). This gives an upper limit on the transverse velocity of 
Vmax = VcdP/P (6.1 ) 
where P is the period, c is the speed of light and d is the distance. The upper 
limits obtained in this way for the 10 MSPs are listed in Table 6.4. These limits are 
uncertain at the 30% level, as a result of the 30% uncertainty in the distances . All 
these limits are in good agreement with the upper limits obtained from the proper 
motions , possibly with the exception of PSR J0711-6830. 
Velocities of a number of other MSPs have been obtained through proper 
motion measurements and scintillation observations (Camilo 1995b; Nice & Taylor 
1995; Nicastro & Johnston 1995). Collating only those measured velocities , a total 
of 16 MSPs with measured velocities is obtained. The median transverse velocity 
is 91 ± 23 km s- 1 , while the mean is 101 ± 25 km s-1 . This is somewhat higher 
than the previously estimated median transverse velocity of 69 ± 22 km s-1 (Bell 
et al. 1995) , but is consistent within the uncertainties. The somewhat higher value 
may be partially a result of the high velocities of PSRs J0711-6830 and J1045-4509 
which have relatively large uncertainties. These velocities are substantially less than 
the mean transverse velocities of 300 km s- 1 for normal pulsars (Lyne & Lorimer 
1994). 
It has been suggested that this difference may be a result of a selection effect 
against finding distant high velocity MSPs (Nicastro & Johnston 1995; Camilo 
1995b). The velocities , z-heights and theoretical expectations are briefly discussed 
in the following paragraphs, before this selection effect is quantified. A competing 
effect is that the proper motions of the highest velocity pulsars are easier to measure. 
A contributing factor is that those pulsars receiving smaller kicks at formation are 
more likely to remain bound than those receiving larger kicks. Since MSPs are 
thought to be spun up in binaries, this may tend to deplete the population of 
binary MSPs with high recoil velocities. Similarly, an anticorrelation is expected 
between orbital periods and MSP velocities (Tauris & Bailes 1995). For the 9 binary 
MSPs which have measured transverse velocities , there is no real evidence for or 
against such an anticorrelation. If the original spin model (Brecher & Chanmugam 
1983; Hut & Verbunt 1983) correctly describes the formation of the single MSPs, 
their mean velocity might be expected to be similar to that of normal pulsars. For 
the 6 single MSPs which have measured transverse velocities, the mean transverse 
velocity is 94 ± 42 km s-1 , while that of the 9 binary MSPs is 94 ± 31 km s-1 . The 
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Pulsar Dist. V Vmax Corrected Age B Field 
(kpc) (km s-1) (km s-1) p ( X 10-20) (Gyr) ( X 108 G) 
J0437-4715 0.14 90(27) 113 2.1 4.3 3.6 
J0613-0200 2.2 < 320 253 0.83 5.8 1.7 
J0711-6830 1.0 178(75) 159 1.0 8.7 2.4 
J1045- 4509 3.2 230(114) 268 0.46 26 1.9 
J1455- 3330 0.78 < 126 148 1.5 8.4 3.6 
J1643- 1224 4.9 < 720 331 1.8 4.1 3.0 
J1730-2304 0.51 > 29 107 0.57 23 2.2 
Jl 744-1135 0.17 55 < 0.9 > 14 < 2.0 
J2124- 3358 0.24 92(37) 97 0.19 41 1.0 
J2145- 0750 0.50 < 108 92 < 2.9 > 17 < 7.2 
Table 6.4: Distances, transverse velocities , corrected period derivatives , ages and inferred B fields 
for 10 MSPs . The velocities v are derived from the proper motions in Table 6.1. The upper limits 
Vm ax are derived from equation 6.1. The numbers in brackets are the uncertainties in the last 
quoted digits . 
pulsar with planetary mass companions, PSR B1257 + 12 has been excluded from 
the above discussion as it may have undergone a different evolution to the other 
MSPs in the sample. 
Given the small samples, it is not prudent to attempt to find velocity dis-
persions in 3 axes , so only the overall velocity dispersions are considered. The 3D 
velocity dispersion ( v2) 112 of low mass X-ray binaries (LMXBs) is 232 ± 54 km s-1 
(Cowley, Hutchings & Crampton 1988) and 306 ± 80 km s-1 (Johnston 1992). The 
3D velocity dispersion for MSPs of 158 ± 39 km s-1 is significantly lower. The mean 
distance from the Galactic plane is 0.36 ± 0.09 kpc for the sample of 16 MSPs, while 
that of the 15 LMXBs is 1.0 ± 0.25 kpc. These velocities and distances suggest that 
the kinematics of observed populations of MSPs and LMXBs may be somewhat 
different. The 3D velocity dispersion of the 6 MSPs considered by Thorsett and 
Taylor (1995) is 131 ± 54 km s-1, consistent with the above 3D velocity dispersion. 
They found the kinematics of those 6 MSPs to be similar to that of other old stellar 
populations such as white dwarfs and sub giants. 
If it is assumed that these MSPs ( or their progenitors) and LMXBs were 
born near the Galactic plane and have attained their present distance z, from the 
Galactic plane as a result of recoil velocities rather than kinematic interactions in 
the Galaxy, then their velocity away from the Galactic plane at birth is (Camilo 
1995b) 
(6.2) 
For the 16 MSPs, (vzo) = 32 ± 8 km s-1, and for the 15 LMXBs, (vzo) = 54 ± 
13 km s-1. This implies 3D recoil velocities , (v0) = 55 ± 14 km s-1 for MSPs and 
(vo) = 94 ± 23 km s-1 for LMXBs. These values should be considered as lower 
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limits because it has been assumed that the present z velocities are zero. 
Given (vo) = 450 ± 90 km s-1 (Lyne & Lorimer 1994) at birth for normal pul-
sars, Tauris and Bailes (1995) predict a mean 3D recoil velocity of (v0 ) :::: 220 km s-1 
for MSPs born in a supernova and then recycled in a binary system. This is sub-
stantially larger than the above recoil velocities implied by the z distribution of the 
population. 
The number of MSPs N, detected down to a given sensitivity limit is pro-
portional to (d-2 ). Since (z) oc (d) and (vzo) ex: (v0 ) , using equation 6.2 gives 
N oc ( v04 ). Hence, if the mean recoil velocity of the whole MSP population is 
double that of the observed population, the observed population contains only 1 in 
16 of the whole population; a rather strong selection against high velocity MSPs. 
The whole population may be many times larger than the observed population. 
Another possibility is that the observed population is close to the true population 
and that MSPs are more likely to have been formed by accretion induced collapse 
of white dwarfs. If the whole population of single MSPs has a mean recoil velocity 
close to that of young pulsars , as expected if they are formed in original spin, the 
selection against them is worse still. If this does not turn out to be the case, then 
single MSPs are more likely to have formed by ablating their companions. The 
uncertainties in the size of the MSP population resulting from this selection effect 
will also affect birth rate estimates. These issues would be settled by an all sky 
survey an order of magnitude more sensitive than the Parkes survey. 
6.3 Ages and Magnetic Fields 
The corrected P values shown in Table 6.4 were obtained by correcting for the 
Shklovskii effect (see Chapter 7). There are also other corrections which could be 
made to allow for Galactic differential rotation and vertical acceleration. However 
these are neglected for now, since they are small compared to the uncertainties which 
result from the uncertainties in the distances. The characteristic ages and magnetic 
field strengths inferred from these period derivatives are also listed. For those 
pulsars which only have limits on their transverse velocities , the median transverse 
velocity of 91 km s-1 was used. A draw back of this approach is that if the transverse 
velocity of an MSP is substantially smaller than 91 km s-1 the contribution of the 
Shklovskii effect to the period derivative may be overestimated. As a result , the 
characteristic ages may be overestimated and the magnetic field strengths may be 
underestimated. Hence, care must be taken when interpreting the characteristic 
ages that are greater than the age of the Galactic disk. Similarly, the bias toward 
low magnetic fields strengths must be accounted for when attempting to decide 
whether or not the observed population of MSPs is the high magnetic field tail of 
a much larger population. If the transverse velocity of an MSP is higher than the 
assumed mean value, the above arguments are reversed. 
The characteristic ages based on the observed period derivatives for PSRs 
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Jl045-4509, Jl 730-2304) Jl 744-1134 and J2145-0750 are all 2: 13 Gyr. This pro-
vides evidence that the initial periods of these pulsars were close to their present 
periods. However, it must be remembered that there are several populations in the 
Galaxy with ages of "' 15 Gyr (Cowley, Hutchings & Crampton 1988) and that 
MSPs need not necessarily be constrained to the 10 Gyr age of the Galactic disk. 
The very large characteristic ages of PSRs J1045-4509, Jl 730-2304 and J2124-3358 
based on corrected period derivatives are substantially larger than the age of the 
Galactic disk. This could be a result of the initial period being close to the present 
period, or the velocity estimates being too high, or both. 
6.4 Limits on Planetary Mass Companions 
The discovery of planetary mass companions to a millisecond pulsar (Wolszczan & 
Frail 1992) was unexpected. Their existence has been confirmed by the detection of 
three body perturbations in the timing residuals (Wolszczan 1994). Naturally, such 
a discovery creates interest in finding other MSPs with planetary mass companions. 
Of the 10 MSPs for which timing results are presented in this chapter, 6 are binary 
and 4 are solitary. From the residuals shown in Figures 6.1 and 6.3 there appears 
to be no evidence for modulations that could be attributed to undetected planetary 
mass companions. Using the data sets obtained to date, upper limits can be set on 
the mass of any undetected companions with orbital periods shorter than the data 
span and longer than twice the sampling interval of 3 weeks. 
The mass function for a binary is given by 
f = ( me sin i)3 = 41r2 ( aP sin i)3 
(mp+ me)2 GP? (6.3) 
where i is the inclination angle of the orbit, ap is the semi-major axis of the pulsar's 
orbit, A is the orbital period, G is the gravitational constant and mp and me are the 
pulsar and companions masses. Assuming circular orbits and me ~ mp, rearranging 
equation 6.3 gives an upper limit on the mass of an undetected companion of 
(6.4) 
This equation describes well the limit for orbital periods shorter than the data 
span. For long orbital periods the sensitivity drops as Pb3 as a result of the strong 
covariance between the orbital period of a planet and the period derivative of the 
pulsar (Thorsett & Phillips 1992). Curves are shown in Figure 6.4 for rms timing 
residuals of 1.0 µs and 10.0 µs, along with several known planets. There is also 
a loss of about a factor of 60 in sensitivity for orbital periods very close to 1 year 
(Thorsett & Phillips 1992). For the 10 MSPs discussed here ( with the exception of 
PSR Jl 744-1134), companions like Venus, Earth and the 2 largest planets around 
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Figure 6.4: Upper limits on masses of undetected companions around MSPs. The 2 upper and 
2 lower curves are for rms timing residuals of 10.0 µs and 1.0 µs respectively. The solid lines 
represent 3 years of timing data, while the dotted lines represent 1.5 years of timing data. The 
following planets are indicated by these symbols: EB - Earth , x - Mercury, Venus and Mars , b,. -
Jupiter and Saturn , D - 2 largest planets around PSR Bl257+12 . 
PSR Bl257+12 are ruled out. For those MSPs with longer data sets and smaller rms 
timing residuals such as PSR J0437-4 715, the existence of companions like Mercury 
and Mars are also ruled out. These limits should be considered as qualitative; 
quantitative limits could be obtained by an analysis similar to that done for PSRs 
B1919+21 and B1937+21 by Thorsett and Phillips (1992) . 
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Chapter 7 
A New Method for Obtaining 
Binary Pulsar Distances 
J. F. Bell & M. Bailes 
Submitted to Astrophysical Journal 
Abstract 
Shklovskii (1970) demonstrated that the period derivatives of pulsars with large 
proper motions are increased by time-varying Doppler shifts . Damour and Taylor 
(1991) noted that orbital period derivatives are similarly affected. In this chapter 
it is demonstrated how measuring orbital period derivatives can lead to very ac-
curate distance estimates and transverse velocities for some nearby binary pulsars. 
In many cases this method will estimate distances more accurately than is possible 
by measuring annual parallax, as the relative error in the estimate decreases as 
t- 512 . Unfortunately, the uncertainty in the distance limits the usefulness of nearby 
relativistic binary pulsars for testing the general theory of relativity. Nevertheless , 
the measured orbital period derivative of PSR B1534+12 agrees within the obser-
vational uncertainties with that predicted by general relativity if the proper-motion 
contribution is accounted for. 
7 .1 Introduction 
The most common method for determining the distances to radio pulsars is based 
on their dispersion measure and models of the Galactic distribution of free electrons 
(Taylor & Cordes 1993). These distance estimates typically have an uncertainty of 
30%. Distances may also be determined by measuring annual parallax, based on 
either timing (Ryba & Taylor 1991a) or interferometric measurements (Gwinn et al. 
1986). HI absorption by interstellar hydrogen is also a common distance indicator 
(Frail & Weisberg 1990). However, no pulsar has a distance estimate more accurate 
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than "' 10%, and for all but two, the errors are greater than 20%. 
Any acceleration of a pulsar along the line of sight will change the observed 
pulse period derivative P. As Shklovskii (1970) pointed out , an apparent accelera-
tion occurs when the proper motion is significant. The magnitude of this contribu-
tion is P(pm)/P = v2 /(cd) , where Pis the pulse period, vis the transverse velocity, 
d is the pulsar distance, and c is the speed of light. For many millisecond pulsars , 
this effect is of similar magnitude to the intrinsic pulse period derivative, making 
it difficult to accurately determine the intrinsic pulse period derivative (Camilo, 
Thorsett & Kulkarni 1994) . 
7.2 Distances and Velocities 
This apparent acceleration also applies to orbital period derivatives , and the con-
tribution is Pb(pm)/A = v2 /(cd) , where A is the orbital period. In fact, for many 
nearby millisecond pulsars , it is expected to completely dominate future observed 
orbital period derivatives. This means that v 2 / d can be obtained and, when com-
bined with the measured proper motion µ = v / d, the distance and transverse ve-
locity can be easily separated . Hence, the proper-motion contribution to the pulse 
period derivative can also be determined, giving accurate estimates of the intrinsic 
pulse period derivative and hence the magnetic field strengths , ages and spin-down 
luminosities of binary millisecond pulsars. 
The amplitude and functional form of the residuals from a least-squares fit to 
the observed pulse arrival times , if one parameter is set to zero, is often called the 
"timing signal" for that parameter. For proper motion, the timing signal is often 
relatively large, with its amplitude increasing linearly with time. With continued 
measurement therefore, its relative error decreases as t-1.5 • The peak-to-peak am-
plitude .6.T(pm) of the timing signal owing to the contribution of the proper motion 
to the observed orbital period derivative, is 
(7.1) 
where a is the semi-major axis of the pulsar's orbit and i is the orbital inclination. 
The accuracy of distances obtained in this way are limited by the accuracy of the 
orbital period derivative measurements. Their accuracy, and therefore the accuracy 
of distances improve as r 2·5 . The fact that the relative error in both of these critical 
parameters decreases so quickly with time, demonstrates the power of this method 
for determining distance and transverse velocity. 
Table 7.1 shows the predicted size of the timing signal .6.Tpm after 10 years 
of regular timing observations for a selection of binary pulsars. Where the proper 
motion was not available, the median transverse velocity for millisecond pulsars of 
69 km s- 1 was used. Also shown is the timing signal due to parallax (Ryba & 
Taylor 1991a) , .6.T1r = r 2 cos2 e /(2cd) , where r is the radius of the Earth's orbit and 
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7.3 Other Contributions to Period derivatives 
() is the angle between the line of sight to the pulsar and the Earth 's orbital plane. 
After 10 years , the new method will provide better distance estimates than parallax 
measurements. This is possible because l:lTpm ex t2 , while l:lT1r is constant. If an 
rms timing residual of 1.0 µs could be obtained it would be possible to determine 
distances this way for several of the current ly known binary millisecond pulsars. 
On average, for the pulsars listed in Table 7 .1, 2-3 years of precise timing data 
have been recorded by various observers. So, to reap the rewards of this method a 
further 7-8 years of precise timing will be required. 
Pulsar Contributions ( x 10-19 s-1 ) (µs) 
Name A(kz)/ A A(dr)/ A A(gr)/ A A(pm)/ A l:lTpm l:lT"' 
31713+07471 -0.89 -0.29 "' 0 0.88 0.3 1.0 
B1855+092 - 0.029 -0.002 -0.001 0.96 0.5 0.8 
30613- 02003 - 0.33 -0.67 -0.25 2.4 1.5 0.4 
32317+14394 - 2.2 0.89 -0.043 2.8 1.8 0.5 
32145-07505 -1.3 0.033 - 0.009 2.1 2.2 2.4 
30751 + 18006 -0.98 -0.77 -21.8 2.6 2.8 0.6 
30034-05345 - 2.8 0.17 - 0.15 5.3 3.4 1.2 
B1913+167 -0.064 5.4 - 845.3 0.74 3.8 0.1 
32019+24258 -0.11 0.45 "' 0 12.6 4.5 0.7 
31012+53079 - 1.7 0.16 - 1.8 10.1 7.0 1.5 
31022+021 0 - 1.8 0.048 -0.010 8.7 13.5 2.0 
31455- 33303 - 0.69 - 0.24 "' 0 73 .1 22.4 1.5 
30437- 47151 1 - 0.57 0.058 -0.004 67.5 28.5 1.2 
B0655+642 -0.65 - 0.16 -2 .1 10 .9 31.5 1.4 
B1534+121 2 -1.8 -0.24 - 52.8 11.0 70.5 1.3 
Table 7.1: Predicted orbital period derivatives and timing signals. 1 (Camilo, Foster & Wol-
szczan 1994) , 2 (Taylor, Manchester & Lyne 1993) , 3 (Lorimer et al. 1995b), 4(Camilo, Nice 
& Taylor 1993) , 5 (Bailes et al. 1994) , 6 (Lundgren , Zepka & Cordes 1995) , 7 (Damour & Tay-
lor 1991) , 8 (Nice & Taylor 1995) , 9(Nicastro et al. 1995) , 10(Camilo 1995b), 11 (Bell et al . 
1995) , 12 (Arzoumanian 1995). 
7 .3 Other Contributions to Period derivatives 
Many other effects could contribute to an observed orbital period derivative; for ex-
ample, changes in the gravitational constant (Damour & Taylor 1991), tidal effects 
(Will 1993; Arzoumanian, Fruchter & Taylor 1994; Applegate & Shaham 1994), 
companion mass loss (Iben & Tutukov 1986) and accelerations in globular cluster 
potentials (Blandford, Romani & Applegate 1987) . These contributions are indistin-
guishable from the proper-motion contribution, and so it is important to determine 
which of them are significant. Known pulsars possess one of 5 types of companion: 
a neutron star , a main sequence star, a white dwarf, a very low mass helium star, 
L. 
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or a planetary system (Wolszczan 1994). Fortunately, binary pulsars with either 
white dwarf or neutron star companions are very "clean", and their orbital periods 
not affected by tidal or mass-loss effects (Iben & Tutukov 1986) . Systems with 
low-mass companions such as PSR B1957+20 possess large orbital period deriva-
tives , possibly caused by tidal effects (Applegate & Shaham 1994). The small a sin i 
induced by planetary companions in the pulsar orbit makes it extremely difficult to 
measure their orbital period derivatives. The only significant contributions to the 
orbital period derivatives in neutron star and white dwarf systems are those due 
to acceleration in the Galactic potential A(kz) , Galactic differential rotation Pb(dr), 
proper motion Pb(pm) , and general relativity A(gr)· Table 7.1 lists those contribu-
t ions showing, that the proper-motion term will dominate for many of the binary 
millisecond pulsars. 
For the nearby millisecond pulsar J0437-4 715, the uncertainty in Pb(kz ) is 
approximately 1 % of Pb(pm) · Hence, measurement of the orbital period derivative 
will ultimately provide a distance estimate which is limited in accuracy to about 1 %. 
If the distance could be independently estimated with superior accuracy, it would 
be possible to determine the acceleration of the binary in the Galactic gravitational 
potential and thereby constrain the distribution and composition of dark matter. 
However , pulsars such as PSR J2317+1439 with large z-heights are probably better 
suited to such an exercise, because the contribution from the Galactic acceleration 
in such pulsars is comparable to the contribution from the proper motion. This 
emphasises the importance of monitoring known binary millisecond pulsars and 
searching for new ones. 
7 .4 Implications for Tests of General Relativity 
The double neutron-star system PSR B1534+12 has been predicted to provide an 
even better relativistic laboratory than the binary pulsar B1913+16 (Arzoumanian 
1995). Unfortunately, the distance to this pulsar is known only to an accuracy of 
some 30% (Taylor & Cordes 1993), and therefore the proper motion contribution to 
t he orbital period derivative is uncertain by a similar amount . Recent measurements 
(Arzoumanian 1995) indicate that the predicted orbital period derivative resulting 
from gravitational wave emission P b(gr) is -1.924 x 10-13 , whereas the observed 
value A (obs) is only -1.5 ± 0.3 x 10-13 . Using the dispersion-measure distance of 
0.68 ± 0.2 pc and the measured proper motion, the contribution to the observed 
value from the proper motion is Pb(pm) = 0.40 ± 0.12 x 10-13 . Since Pb(gr) = 
A (obs )-Pb(pm) = -1.9±0.3 x 10-13 , the observed value is in excellent agreement with 
the general relativistic prediction. Unless the distance estimate can be improved, 
the orbital period decay resulting from the emission of gravitational waves probably 
cannot be verified to better than "' 5% in the PSR 1534+ 12 system. 
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Chapter 8 
Constraining Post-Newtonian 
Gravity using MSPs 
J. F. Bell 
Accepted by Astrophysical Journal 
J. F. Bell & F. Camilo 
Submitted to Astrophysical Journal 
Abstract 
Some theories of gravity predict violations of local Lorentz invariance and violations 
of conservation of energy and momentum. General relativity predicts no violations. 
In the parameterised post-Newtonian (PPN) formalism , the parameters, a 1 = a2 = 
a 3 = 0 if these effects do not exist. These parameters have been well constrained, 
(la1l < 5.0 x 10-4, la2 I < 2.4 x 10-1 , ja3j < 2.0 x 10-10 ) using solar-system and 
pulsar data (Damour & Esposito-Farese 1992; Hellings 1984; Will 1993). The period 
derivatives of millisecond pulsars are used to more tightly constrain the extent of 
any violations by showing that la3l < 5 x 10-16 . The limit on lad can be improved 
to la-1 1 < 1.5 x 10-4 using the very low eccentricity binary pulsar J2317+1439. 
8.1 Introduction 
The PPN formalism is a very powerful tool for analysing gravitation theory and 
experiment . It provides a set of parameters (the PPN parameters) which take 
different values in different theories and can be related to measurable quantities , 
forming a basis for comparison of theory and experiment. See Will (1993) for 
a summary of the PPN formalism , PPN parameters and the values they take in 
various theories of gravity. The PPN parameter a 3 is of interest since in addition to 
being sensitive to violations of conservation of energy and momentum, it is sensitive 
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to violations of local Lorentz invariance. PPN parameters a 1 and a 2 are sensitive 
to violations of local Lorentz invariance alone. That is , they measure the extent to 
which the motion of a gravitating system through the mean rest frame of the local 
universe can produce local gravitational effects , sometimes called preferred-frame 
effects. Theories (including general relativity) that are locally Lorentz invariant 
and conserve energy and momentum have a 1 = a 2 = a 3 = 0. 
8.2 A Tighter Constraint on PPN a3 
If a 3 ¢. 0, a consequence is the "self-acceleration" of a spinning body as it moves 
through space. The direction of the acceleration is perpendicular to its spin axis and 
velocity vector. For a population of radio pulsars the acceleration will be randomly 
oriented , since the spin axes of pulsars are randomly oriented. An acceleration of 
a pulsar along the line-of-sight to the pulsar causes a change in the observed P, 
analagous to the line-of-sight velocity of a pulsar causing a Doppler shift in its 
observed rotation period. Hence the change in P resulting from a self-acceleration 
is !::lP = Pn. · a sel/ , where P is the rotation period of the pulsar , asel/ is the self 
acceleration and ft is the unit vector along the line-of-sight to the pulsar (WiU 1993). 
Since a se1J ex p-1 , the resulting change in P is independent of pulse period. Hence, 
if such self accelerations exist and are large, the distribution of period derivatives 
will be broadened towards a distribution with median P of zero. This is something 
that can be readily tested with a population of pulsars. 
This test has been evaluated previously by Will (1992,1993), who considered 
the period derivatives of the main population of pulsars and obtained la3 1 < 2 x 
10-10 . Since the MSPs are a separate class of objects from the ordinary pulsars, 
the period derivatives of MSPs alone may be considered. This will provide a much 
tighter constraint , as the period derivatives of MSPs are typically 5-6 orders or 
magnitude smaller than those of ordinary pulsars. The sample of MSPs selected 
includes all known MSPs with measured period derivatives , having P < 20 ms in 
the Galaxy (Taylor , Manchester & Lyne 1993; Johnston et al. 1993; Lorimer et al. 
1995b; Bailes et al. 1994; Camilo, Foster & Wolszczan 1994; Camilo, Nice & Taylor 
1993). Those MSPs which are in globular clusters are excluded, as negative period 
derivatives for pulsars in globular clusters are known to be caused by acceleration of 
the pulsar in the cluster potential (Blandford, Romani & Applegate 1987). Period 
derivatives of the 18 Galactic MSPs remaining in the sample may similarly be 
affected by their acceleration toward the Galactic disk and the acceleration resulting 
from differential rotation (Damour & Taylor 1991 ). While these effects are typically 
an order of magnitude smaller than the measured period derivatives, they are taken 
into account in the analysis. 
A more important source of the corruption of period derivatives is the apparent 
line-of-sight acceleration resulting from the proper motion of pulsars (Shklovskii 
1970; Camilo, Thorsett & Kulkarni 1994) . The change in P resulting from this 
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effect is always positive and is given by 6i.P = 1.1 x 10- 18 v 2P/cd, where v is the 
tangential velocity in units of 100 km s-1 and d is the distance in kpc. For PSR 
J0437- 4715 this effect contributes 2/3 of the measured period derivative (Bell et 
al. 1995). This was corrected for prior to analysing the period derivatives. In the 
sample of MSPs, 12 have measured veloci ties (Nice & Taylor 1995; Bell et al. 1995; 
Nicastro & Johnston 1995; Camilo, Thorsett & Kulkarni 1994) and their median 
velocity of 69 km s-1 was used for the other 6 with undetermined velocities. 
Figure 8.1 shows the cumulative distribution function of the corrected period 
derivatives for the sample of 18 MSPs. Clearly a population with median P = 0 
is inconsistent with what is observed. The rms P for the observed distribution 
may result from both the rms of the intrinsic distribution and contributions from 
self accelerations that may exist . Hence, the observed rms P of 2.5 x 10-20 can 
be used to set a limit on a-3 . Following the evaluation of fi. · a,,e/f by Will (1993), 
P '.:::'. 5 x 10-5 la3 1, which gives la-3 1 < 5 x 10-16 , a limit 5.6 orders of magnitude 
tighter than the previous best. The major source of uncertainty here is the poorly 
determined corruption of the period derivatives , resulting from distances that are 
accurate to only 30%. This is particularly important since the effect increases the 
observed period derivative. However , for this effect to be responsible for increasing 
the observed median P from zero to 1.5 x 10-20 , would require the MSP population 
to have a median tangential velocity of 170 km s-1 . Since the observed median 
tangential velocity for MSPs is 69 km s-1 , this is unlikely. This new bound on 
a-3 together with bounds on 7 other PPN parameters (Will 1993) confirm all the 
predictions of general relativity. 
8.3 A Tighter Constraint on PPN a 1 
If a-1 ¢ 0 a consequence is a constant forcing term in the time evolution of the 
eccentricity vector of a binary stellar system (Damour & Esposito-Farese 1992). For 
a very low eccentricity orbit , this tends to "polarise" the orbit , aligning the semi-
major axis with the absolute velocity of the system. Hence, the orbital parameters 
of very low eccentricity binary pulsars may be used to set an upper bound on !01 I 
(Damour & Esposito-Farese 1992) given by: 
(90% C.L.) (8.1) 
12,,. (21rt1dn hA= -;:================= 
' 0 J1 - ( cos i cos). + sin i sin). sin n)2 
(8 .2) 
A 1 I mp - m e I I W psr I 
e= 12 mp+mc (G(mp+mc)21r/A) 1/ 3 (8.3) 
where e is the eccentricity, n is the longitude of the node of the binary orbit with 
respect to the line of sight , i is the orbital inclination , Wpsr is the absolute velocity, 
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Figure 8.1 : The cumulative distribution of the period derivatives of a sample of 18 millisec-
ond pulsars. Error bars show the uncertainty in individual measurements after correction for 
acceleration effects. 
,\ is the angle between Wpsr and the line of sight, mp is the pulsar mass, me is the 
companion mass , G is the gravitational constant and A is the orbital period. 
The very low eccentricity binary pulsar J2317+1439 (Camilo 1995b) has a fig-
ure of merit (Damour & Esposito-Farese 1992) 10 times better than PSR B1855+09 
which was used to obtain the previous limit on a 1 . Hence PSR J2317+1439 should 
provide a substantially tighter limit on a,1 . To obtain the magnitude of the absolute 
velocity jwpsr l, the cosmic microwave background is used as the absolute reference 
frame. The results from the Cosmic Background Explorer(Smoot et al. 1991) for 
motion of the solar system with respect to the cosmic microwave background give 
jw0 j = 365 km s-1 in the direction (a,8) = (ll.2h,-7°). This direction is almost 
anti-parallel to the line of sight to PSR J2317+1439 (,\ = 192°) . Unfortunately, no 
estimate of the radial velocity of PSR J2317+1439 is available. However Camilo, 
Nice and Taylor (1995), report a velocity in the plane of the sky of 70 ± 30 km s-1 . 
Hence an upper limit of 100 km s-1 for the radial velocity of PSR J2317+1439 
seems reasonable, resulting in Wpsr = w0 - 100 = 265 km s-1. The characteristic 
age of 23 Gyr for PSR J2317+1439 (Camilo, Nice & Taylor 1995) satisfies the crite-
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rion that binary systems used for this test must be old (Damour & Esposito-Farese 
1992). 
Radio timing results give A = 2.459 days and e < 1.2 x 10-6 (90 % C.L.) for 
PSR J2317+1439 (Camilo 1995b) . Unfortunately no measurements of the masses 
have been obtained to date. However, since all measurements of the mass of neu-
tron stars are consistent with "" l.4M8 (Thorsett et al. 1993) , it is assumed that 
the mass of the neutron star in this system is also 1.4 M8 . The formation of binary 
systems such as this one are sufficiently well understood to allow the determina-
tion of m 2 from other orbital parameters (Joss , Rappaport & Lewis 1987; Savonije 
1987) . These methods give me = 0.18 ± 0.02 M8 , close to the minimum mass of 
0.175 M8 derived from the mass function 
(8.4) 
where ap is the semi-major axis of the pulsar's orbit. A 90% C.L. upper limit on 
the mass is 0.45 M8 (Phinney & Kulkarni 1994). Using these masses, i can be 
found from equation 8.4. 
Given the above parameters for PSR J2317+1439, equations 8.1-8.3 were 
evaluated, solving equation 8.2 numerically. This was done for several values of 
me in the range 0.175 < me < 0.45 to test the sensitivity of the limit to changes 
in me. This gave upper limits on !ail of ja 1 I < 1.0 - 1.5 x 10-4, demonstrating 
that the limit is very insensitive to the companions mass and the inclination of the 
system. The limit of ja I < 1.5 x 10-4 is tighter than the previous best limit of 
la1 I < 5 x 10-4 (Damour & Esposito-Farese 1992) and the less strict limit from 
planetary data of ja1 I < 2 x 10-4 (Hellings 1984). These limits are consistent with 
the general relativistic prediction that a 1 = 0. 
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Concluding Remarks 
Following the success of the Parkes survey in finding 17 new millisecond pulsars 
(MSPs ), the goal of this thesis was to learn about their nature and formation , and 
where possible, to use them for fundamental tests of physics. 
Through optical observations of the companions to two binary MSPs firm ev-
idence has been established in this thesis that they are several Gyr old and that 
their magnetic fields have not decayed on time scales shorter than 1 Gyr. This 
thesis has shown that shown that the two companions are indeed white dwarfs as 
predicted by evolutionary models. Evidence was presented t hat the initial period 
of PSR J0034-0534 was less than 1.6 ms , and possibly as short as 0.6 ms. Further 
deeper optical searches should discover more MSP companions and provide t ighter 
constraints on their nature and evolution . Future surveys which have good sen-
sitivity to pulsars with periods below one millisecond should resolve many of the 
uncertainties surrounding the equations of state of neutron stars. 
From radio timing observations, parameters for 10 MSPs have been deter-
mined , including proper motions for 4 of them. These add to the growing data base 
on the magnetic fields , ages and velocities of the population, providing valuable 
clues to their nature and formation history. The existence of a very strong selec-
tion effect against finding MSPs with high recoil velocities , makes it unclear as to 
whether their observed velocities are indicative of formation by accretion induced 
collapse or recycling in a binary system. The same selection effect also makes it 
difficult to determine whether or not the observed velocities of single MSPs are 
indicative of their formation in original spin or by ablation of their companions. 
Future surveys that approach sensitivities 10 times better than the Parkes survey 
should be able to resolve this ambiguity. The radio timing observations have al-
ready provided the data necessary for some tests of theories of gravity reported in 
this thesis and no doubt will continue to do so. Future timing observations should 
go a long way towards establishing a long term time standard based on an ensemble 
of MSPs, and will provide many more insights on the objects themselves . 
The radial velocity variations of the Bl V star companion to PSR J0045-7319 
were measured in this thesis , confirming their physical association and determining 
the mass of the companion. This also confirmed the very tenuous nature of the B 
star wind. The wide ranging interest in this pulsar and another in a similar system 
provided the impetus for several surveys of the B and Be star population for more of 
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64 Concluding Remarks 
these systems. Unfortunately these surveys were not very successful and a detailed 
understanding of why such systems are so rare is a goal for future research . Soon 
after the binary nature of PSR J0045-7319 was discovered it was realised that this 
system was a good candidate for a black hole pulsar binary. While the companion 
did not turn out to be a black hole, there is no a priori reason why such systems 
cannot exist . 
A new method for determining the distances to binary millisecond pulsars has 
been proposed in this thesis. For some MSPs it is predicted to provided distance 
measurements with accuracies approaching 1 %. For a several MSPs, approximately 
10 years of precise timing should remove the uncertainties in their distances which 
impact on the understanding of these objects in so many ways. If by other means 
the distances can be determined very accurately to MSPs that are well above or 
below the Galactic plane, then it may be possible to measure their acceleration 
towards the Galactic plane and thereby constrain the density and composition of 
dark matter in the Galactic disk. 
The clock-like stability of millisecond pulsars makes them very sensitive in-
struments for mapping the binary systems in which many of them reside and for 
studying the physics of theories of gravity. This thesis taken advantage of this sta-
bility and used millisecond pulsars to provide very tight constraints on two PPN 
parameters, consistent with the predictions of general relativity. Eight of the ten 
PPN parameters are now well constrained and three of those constraints are from 
pulsar data. The challenge that lies ahead is to find feasible experiments for con-
straining the remaining two PPN parameters and for placing still tighter constraints 
on the others. 
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Appendix A 
Psrclock: A Graphical Interface 
for TEMPO 
A.I Introduction 
To make timing a more efficient process , a flexible graphical interface has been 
added to TEMPO. This allows the user to not only plot the residuals in a variety of 
ways, for example, against time, binary phase or day of year, but also to delete bad 
TOAs at the click of a button. Different colours may be used to represent different 
frequencies , telescopes , epochs and binary phases. Local fits may be performed 
with ease, while phase turns may be added or subtracted using the mouse. The 
parameters may be updated with the click of a button or saved with error estimates 
in a form suitable for use in the standard pulsar catalogue program. Groups of 
TOAs may be selected on the basis of their residuals , errors , epochs and binary 
phases. Psrclock uses standard TEMPO, and the input data to TEMPO is retained 
after each fit allowing for independent verification of the fitted parameters. 
It is freely available ( see Section A. 7 on installation for details) via anonymous 
ftp . The graphical interface uses dialog widgets (Section A.2) which are in turn 
constructed from calls to pgplot library routines. The main code that drives the 
dialog is written in C++ and uses some of the advantages of an Object Oriented 
approach. Psrclock has been run and tested on both sun 4 and sun 5 systems. While 
it comes with no guarantee, support , new versions and bug fixes will be provided 
where possible. At this stage there are no plans to install and test psrclock on 
other platforms, but it will be considered if there is sufficient demand. It has been 
regularly used for analysing Parkes timing data and has been found to be a useful 
tool. 
Section A.2 briefly discusses the dialog interface, while Sections A.3 to A.5 
discuss the basic operation of psrclock. Users who are well acquainted with the 
operation of psrclock will be able to use it more efficiently in expert mode, as 
described in Section A.6. Basic guidelines for installation are given in Section A. 7 
and plans for further developments of psrclock are discussed in Section A.8. 
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Figure A.1 : A black and white version of the psrclock interface. The pulse profile shown in the 
top corner is a PSR J0437-4715 profile observed at 20cm. The main plot shows the timing signal 
resulting from the proper motion of PSR J0437-47 15 . 
A.2 Dialog 
The dialog program enables users to quickly add a user-friendly interface to their 
programs. The user-friendly interface comprises of a series of graphical entities 
which the user can point to with a mouse or tracker ball . These graphical entities 
are called, for want of a better name, "widgets". These "widgets" take on many 
forms . Some enable the user to change the values of variables within their program 
by using a mouse or tracker ball in conjunction with the keypad to minimise typing 
and potential errors. Others return values to a calling subroutine. 
Dialog programs can only be used with graphics devices that have the erase 
capability and on machines that run the public domain graphics package, pgplot. 
The real power of the dialog program comes from its ability to have widgets and 
plots on the same screen with a minimum of fuss . This enables the user to per-
form complex operations on their data often without having to perform a single 
keystroke, by simply clicking on certain regions of the screen to fire off subroutines. 
This eliminates the need to remember the name of commands to perform certain 
operations, making programs easier to learn. 
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A.3 Getting Started 
To start psrclock, type "psrclock generic". Here "generic" is the generic name of 
many files that psrclock uses (for example, "psrclock 0437-4 715" ). The various files 
and their extensions are discussed below and are referred to as generic.xxx where 
xxx is the extension. By default (that is , simply typing "psrclock" to start psrclock) , 
the generic name is set to the present working directory. For example, the timing 
data for PSR J0437-4715 is on /psr3/data/timing/0437-4715, and the default value 
of the generic name is "0437-4715" . 
Psrclock requires two input files , generic.eph containing the pulsar parameters, 
and generic.tim containing the TOAs. The format of generic.tim is a list of arrival 
time cards, identical to that required by TEMPO, but without the header information 
at the top . The format of generic.eph is similar the .upd files of psrcat which are 
used for updating the catalog. Psrclock will also accept generic.eph in the format 
written by psrinfo -e. Examples of these input files are included in the package and 
an example ephemeris file is shown in Table A.l. 
PSRJ 0437-4715 
RAJ 04:37: 15. 70996 
DECJ 
-47:15:08.0023 
PEPOCH 48825.000000000000000 
p 0.005757451819354 
Pdot 0.000057177300000 
DM 2.652430000000000 
Pddot 0.000000000000000 
PMRA 116.980999999999995 
PMDEC -69.748999999999995 
PARA 0.000000000000000 
Al 3.366681410000000 
E 0.000019411000000 
TO 48817.854723253003613 
PB 5.741042387825232 
OM 2.600927000000000 
OMDOT 0.000000000000000 
PBDOT 0.000000000000000 
Table A.1 : An example input ephemeris file for psrclock 
All other input files required by psrclock reside in the psrclock directory and 
include files containing default values for variables and dialog resource files . It is 
therefore necessary to have an environment variable "psrclockdir" that points to 
this directory. Having started psrclock, an X window interface will pop up, the 
residuals will be calculated from the current parameters and displayed in the main 
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plot. The buttons and functions described below may then be used to manipulate 
the data and fit for various parameters. 
A.4 Buttons and Functions 
The basic operation of psrclock is described in the following sections. Each section 
discusses one psrclock button and the actions taken if it is pressed. 
LOAD 
When psrclock is first started (see section A.3 for details) psrclock automatically 
loads the parameters and TOAS, calls TEMPO to calculate residuals and then plots 
them. By turning on the PARs check box and pressing the LOAD button, the 
pulsar parameters can be reloaded, if they have been updated in the file by some 
other process, or if the user wishes to start again with the original parameters. The 
TOAs can be similarly reloaded by turning the TOAS check box on and pressing 
the LOAD button. Both these operations can be done simultaneously if both the 
PARs and TOAs check boxes are turned on before pressing the LOAD button. 
PLOT 
The PLOT button replots the current data set without altering the scale on the 
x-axis , unless radio controls requesting a change have been pressed. These radio 
controls fall into three groups. The first group (time, turns) set the scale on the 
y-axis to be in units of time (µs) or rotations of the pulsar. The next group ( epoch, 
bin ph, day) set the scale on the x-axis to be epoch (MJD) , binary phase or day 
of year. The last group (pre, post) are used to select either pre-fit data or post-fit 
data for plot ting. 
There are also several check boxes available for controlling plotting. In all 
cases, to implement the desired action the users will need to press either the PLOT 
or FULL PLOT button. By default , different frequencies are plotted in different 
colours. Turning off the colour check box will plot all points in white. If some 
TOAs have been deleted, they can be included in the plot by turning the deleted 
check box on. TOAs may be plotted with or without error bars by turning the 
errors check box on or off. A grey line is plotted by default at zero residual which 
can be turned on of off using the axis check box. If a hard copy current plot is 
desired , this can obtained by turning the hcopy check box on. If the hardcopy 
option is invoked, the X window will disappear and the user will be prompted for 
the graphics device. After the hardcopy is written, the X window will reappear. 
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FULL PLOT 
The FULL PLOT button performs basically the same function as PLOT except 
that it plots every selected , non-deleted TOA that has been read in, whereas PLOT 
replots the residuals without changing the scales on the axis unless a radio control 
has been pressed to request a change. 
COLOUR 
It is often helpful to be able to plot subsets of data in different colours. For example, 
by default psrclock plots different radio frequencies in different colours , revealing 
any frequency dependent timing residuals. It is also possible to colour TOAs ac-
cording to different criteria by pressing the COLOUR button. This will pop up 
a subdialog with several radio controls. Each of these radio controls indicates a 
different parameter that may be chosen for dividing data into subsets. Turning 
the appropriate radio control on and pressing the SET RANGES button will pop 
up another subdialog in which values may be entered to define ranges for subsets 
of TOAs that will be plotted in different colours. When these have been set to 
the desired values , pressing the FINISHED button which will bring back the main 
dialog and replot the TOAs. TOAs that are not contained in the ranges specified 
will plotted in grey. If it is necessary to change the default ranges for a particular 11 
parameter, the chats.defaults file in the psrclock directory may be edited. 
FIT II 
To fit for pulsar parameters, the parameters need to be selected, by turning on the 
appropriate check boxes at the top of the dialog. Table A.2 gives a description of 
11 
the names of the check boxes and the corresponding column numbers in the TEMPO 11 
input file. 
Having selected parameters, pressing the FIT button will invoke TEMPO. At 
this point , psrclock will write a file called generic.fit.tpo in the format required by 
TEMPO. Psrclock then makes a system call to invoke TEMPO. While there is some loss 
of speed in this approach (with respect to calling TEMPO as a subroutine) it allows 
the use of the standard version of TEMPO , and simpler updates to new versions of 
TEMPO. 
The TOAs written into the TEMPO input file are those currently appearing in 
the main plot region of psrclock. This same set of TOAs will then be replotted 
after the fit. Psrclock then makes another system call to invoke TEMPO again to 
calculate residuals with respect to the new parameters for the rest of the selected, 
non-deleted dataset. The FULL PLOT button may be pressed to view the residuals 
outside the previous region of interest. Since TEMPO is executed twice a little care 
is needed to make the best use of the TEMPO output files . Table A.3 indicates the 
--
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Check Catalog Column Parameter 
Box Keyword Number Description 
RO 1 Pulsar phase 
p p 2 Period 
Pdot Pdot 3 Period Derivative 
Pdd Pddot 4 Second Period Derivative 
Dec DECJ 5 Declination 
RA RAJ 6 Right ascension 
µD ec PMRA 7 Proper motion in DEC 
µRA PMDEC 8 Proper motion in RA 
X Al 9 Orbital projected semi-major axis 
e E 10 Orbital Eccentricity 
TO TO 11 Time of periastron passage 
PB PB 12 Orbital period 
w OM 13 Longitude of periastron 
wdot OMDOT 14 Advance of periastron 
DM DM 16 Dispersion Measure 
7r PARA 17 Parallax 
Pbdot PBDOT 18 Orbital period derivative 
clkcorr 44 Clock corrections 
track Track phase wrap-arounds 
wr per write period and time to file 
Table A.2: Names, Keyword and column numbers for TEMPO parameters 
new names that the TEMPO output files are given for the first and second executions 
of TEMPO. 
Often when trying to obtain a timing solut ion for a binary pulsar, it is helpful 
to fit for period across pairs of TOAs and then use a program, such as fitorbit to 
make a first pass at solving the binary parameters. If the wr per (write period) 
check box is turned on when the FIT button is pressed , psrclock will write the period 
and epoch (of the middle of the data set over which the fit was made) to generic.per. 
ALL 
The ALL button turns on the fitting check boxes for all parameters which have 
non-zero values. The ALL button is a toggle , so pressing it again will turn off all 
fitting check boxes. This is aimed mainly at pulsars for which most parameters are 
fitted for. Once turned on , the few parameters not needed can be turned off, saving 
many mouse clicks. 
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SHOW 
TEMPO Name Fit File Name Residual File Name 
input file 
matrix. tmp 
params.tmp 
resid2.tmp 
tempo.lis 
generic.fit. tpo 
generic.fit.mat 
generic.fit. par 
generic.fit.rs2 
generic.fit.lis 
generic.res. tpo 
generic.res.mat 
genenc.res.par 
generic.res.rs2 
generic.res.lis 
Table A.3: New names of TEMPO output files 
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The SHOW button is designed to show the parameters and their errors resulting 
from a fit to the data. It executes a system call from the code that writes the 
generic.fit.lis ( tempo.lis) file from the latest fit to the window that psrclock was 
started from. 
UPDATE 
Having fitted for various parameters, the values held in memory by psrclock may 
be updated by pressing the UPDATE button. If the fit was unsuccessful it is 
not desirable to press the UPDATE button , but rather refit for a different set of 
parameters. 
SAVE 
The SAVE button saves the paramet rs from the last fit. It writes these into the 
generic.eph file. It also writes the parameters to generic.upd which is in the same 
format as the update files used in the pulsar catalog database (Taylor, Manchester 
& Lyne 1993) . This requires the PARs check box to be turned on. A particularly 
useful feature, is that psrclock also writes out the parameters in the format of a 
latex table in the file generic. tex. This table is close to publication quality, to 
minimise the effort required to get timing parameters into a paper. An example of 
such a table is shown in Table A.4. There are no plans to implement a writ e paper 
button. 
It is also possible to save the present set of arrival times to generic.tim. For 
example, if some points have been deleted , this function will comment out (1st 
character = 'C' as in standard TEMPO) the TEMPO cards for all those TOAs that are 
deleted. This requires the TOAs check box to be turned on. It is possible to undo 
this procedure using the RESTORE button . Similarly, if a group of TOAs has been 
selected , the non-selected TOAs are written out with 'S' as the first character. 
Note, it is possible to have both the PARs and TOAs check boxes turned 
and thereby save both the parameters and TOAs at once. 
,, 
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Parameters for PSR J0437-4715 
Right Ascension ( J2000) 
Declination (J2000) 
Epoch (MJD) 
Period (s) 
Period Derivative ( x 10-15 ) 
Dispersion Measure ( cm-3 pc) 
Proper Motion in R.A . (mas yr-1 ) 
Proper Motion in Dec. (mas yr-1 ) 
Projected Semi-major Axis (lt-s) 
Eccentricity 
Epoch of Periastron (MJD) 
Orbital Period (days) 
Longitude of Periastron 
Orbital Period Derivative ( x 10-12 ) 
04:37: 15. 70996(5) 
-4 7:15:08.0023(5) 
48825.000000 
0.0057574518193537(4) 
0.000057177(7) 
2.652(2) 
117(3) 
-70(3) 
3.3666814(3) 
0.0000194(2) 
48817.85(7) 
5. 74104239(2) 
3.00(5) 
-42(20) 
Table A.4: An example LaTeX table from psrclock 
SELECT 
It is often helpful to be able to work on subsets of data. For example, analyse 
20cm data only, or all TOAs that have uncertainties less than some value. It 
is possible to select TOAs according to different criteria by pressing the SELECT 
button. This will pop up a subdialog with several radio controls. Each of these radio 
controls indicates a different parameter that may be chosen for selecting different 
subsets of data. Turning the appropriate radio control on and pressing the SET 
RANGES button will pop up another subdialog, in which values may be entered to 
define ranges for subsets of TOAs that will be selected . When these have been set 
to the values required , pressing the FINISHED button which will bring back the 
main dialog and replot the TOAs. By repeating the above process, and choosing 
a different parameter, a smaller subset of the subset of data that presently may be 
selected. If it is necessary to change the default ranges for a particular parameter, 
the select.defaults file in the psrclock directory may be edited. 
RESTORE 
Having deleted or unselected several TOAs and fitted for some parameters, these 
TOAs may be reinstated. Pressing the RESTORE button will pop up a small 
dialog that has an OK button and three check boxes. If the deleted check box is 
on when the OK button is pressed , all deleted points will be restored. Similarly, 
if the selected check box is on, all TOAs will be selected when the OK button is 
pressed. If TOAs have been commented out in the generic.tim file by pressing the 
SAVE button when the TOAs check box is on, they can uncommented by turning 
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the file check box on and pressing the OK button. 
SET PARS 
The value of a parameter may be changed while using psrclock, by pressing the 
SET PARS button. This will pop up a dialog asking which groups of parameters 
need to be changed. Clicking one of the radio controls and then pressing the DONE 
button will reveal another pop up dialog with a list of the parameters which may be 
changed by typing in the new value. Pressing the FINISHED button will bring back 
the main dialog. Other parameters may then be fitted for, or residuals recalculated 
by pressing the FIT button with all fitting parameters turned off. The CUSTOMISE 
button allows reselection of groups of parameters. 
A.5 Cursor Mode 
Cursor mode provides a number of features for manipulating the TOAs in the plot. 
All the radio controls in the bottom left panel of the dialog make up cursor mode 
and are in the same dialog group. In many cases only a subset of data will be used 
in the fit. Psrclock provides a couple of methods for selecting such a subset. If 
the start radio control is on , clicking in the main plot will draw a vertical line, 
turn the start radio control off and the finish radio control on. Upon clicking 
again in the plot , another vertical line will be drawn, then the plot will be redrawn, 
containing only those TOAs that lie in the region selected. This procedure may 
be repeated many times, zooming in on a small data set. Another way to select a 
subset of TOAs, is to turn the zoom radio control on and then click in the plot. 
This will shrink the scale on the x-axis by a factor of 3, centered on the mouse click. 
Similarly a larger subset of TOAs may be selected, by turning the unzoom radio 
control on. At any stage the full data set may be retrieved by pressing the FULL 
PLOT button. 
There may be TOAs in the dataset, that are bad for some reason. These may 
deleted by turning the delete radio control on and clicking near a bad TOA. Psr-
clock will then delete the TOA closest to the mouse click. If a TOA is accidentally 
deleted, it mat be reinstated by turning the undelete radio control on and clicking 
near the TOA of interest. A large number of TOAs may be deleted, by turning on 
the rec del (rectangular delete) radio control. Clicking in the main plot, will cause 
a blue rectangle to appear, with the bottom left corner defined by the mouse click. 
Another mouse click will define the top right hand corner. All the points inside the 
rectangle will be deleted. The PLOT or FULL PLOT button should be pressed to 
refresh the plot after deleting TOAs. 
It is often very helpful to be able to obtain information about a particular 
TOA, and perhaps the profile from which it was generated. Psrclock provides some 
ability to do this with the ID radio controls in cursor mode. Turning the ID 
....... 
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standard radio control on and then clicking near a TOA will display the TEMPO 
card for that TOA in the message window. For Parkes data, psrclock will plot the 
profile from which TOA was obtained if the ID profile radio control is on. In the 
standard export version of psrclock, the call to the plotting routine is commented 
out, since the format of the data is probably different to that of data obtained at 
Parkes. To include this feature in a local version of psrclock, simply need to add a 
call to a profile plotting routine in place of the call to clockplot in arrtime.c and put 
appropriate names into the Makefile and recompile. The track facility of TEMPO is 
also very useful. Psrclock provides this facility, which may be invoked, by turning 
the track check box on. To get around some difficulties of the simultaneous use of 
track and phase in TEMPO, psrclock provides its own implementation of track, by 
using multiple phase commands . 
The ability to add and subtract phase turns is a very useful feature of TEMPO 
for obtaining timing solutions. Psrclock allows the use this feature by turning on 
the + or - radio control on and clicking in between the TOAs where a phase turn 
is to be added or subtracted. It is essential that the TOAs in generic.tim are sorted 
into time order. 
The final feature of cursor mode is the ability to change the epoch of the 
period. This is done by turning the set epo radio control on and clicking in the 
main plot at the new epoch to be set. It is desirable to have the residuals plotted 
against epoch in this case. 
A.6 Expert Mode 
Expert mode allows for an experienced user of psrclock to speed their operation by 
using key stokes to execute functions rather than mouse clicks. The cursor must 
be in the main plot when using expert mode. Typing 'h' will display a list of the 
expert mode keys in the window from which psrclock was started. Table A.5 shows 
which keys access which functions. The space bar may also be used for FULL PLOT. 
A.7 Installation 
The source code for psrclock and dialog can be obtained via anonymous ftp to 
atnf.csiro.au. Under the directory ftp/pub there are two compressed tar files, psr-
clock...sun5 .tar.Z, psrclock...sun4.tar.Z, dialog...sun5.tar.Z and dialog...sun4.tar.Z. Be-
fore compiling psrclock, dialog must be compiled. Having uncompressed and un-
tarred the code, the Makefile should edited, inserting appropriate paths for libraries. 
Typing "make" in the dialog directory will compile the dialog library. The environ-
ment variable "psrdiadir" should be set to point to point to the directory containing 
the dialog source code. Now, for compiling psrclock, similar entries are required in 
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Q q QUIT 
U u UPDATE 
w SHOW 
E SELECT 
R RESTORE 
1 LOAD 
S SAVE 
v SET PARS 
F X FIT 
a ALL 
P FULL PLOT 
C COLOUR 
p 1 PLOT 
T turns 
t time 
e epoch 
b bin ph 
y day 
n pre 
m post 
s start 
f finish 
z zoom 
z unzoom 
d delete 
D undelete 
+ + 
ID profile 
I ID stand 
r rec del 
0 set epo 
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the Makefile. Again type "make" to get things compiled. Psrclock also needs an 
environment variable "psrclockdir" that points to the resource files in the directory 
containing the psrclock source code. 
A.8 Future Plans 
The are some ideas that will be implemented in the future. The most important one 
being to update psrclock to work with new versions of TEMPO as they are released. 
Necessarily, there will be a delay between the release of a new version of TEMPO 
and a new version of psrclock. Similarly, psrclock will be kept up to date with new 
versions of dialog and pgplot. Psrclock does not allow fitting for every parameter, 
or use every feature that TEMPO does . There are plans to continue to implement 
more such features in psrclock in the future. There are also have plans to provide 
more ways of plotting data. For example, sometime it would be helpful to be able to 
plot residuals against things such as radio frequency. Another goal in the future is 
to have an ability to plot fitted curves to residuals for terms such as proper motion 
and orbits for binary parameters. 
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